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Preface

'aThis issue of the Journal of Crystal Growth physics and devices. Topics included growth kinet-
contains the papers presented at the Sixth Interna- ics, doping, migration-enhanced epitaxy, reflection
tional Conference on Molecular Beam Epitaxy high-energy-electron diffraction, quantum wells
(MBE-VI), held at the San Diego campus of the and wires, gas-source MBE, MOMBE, CBE, and
University of California (UCSD) in La Jolla, structures based on GaAs. InP, II-VI compounds.
California, USA. from 27th to 31st August 1990. antimonides, superconductors, magnetic materials,
This conference is one in a biennial series, which etc.vln addition, 18 companies participated in an
rotates between the United States, Europe, and equipment and product exhibit.
Japan. Previous international conferences were The MBE-VI committee would like to thank
held in Sapporo, Japan (1988), York, United first various federal agencies, UCSD, and compa-
Kingdom (1986). San Francisco (1984). Tokyo nies for their financial support of the conference.
(1982) and Paris (1978). The MBE-VI committee would also like to thank

The organizing committee first thought that the Lena Hartman and her able staff in the Con-
attendance might be limited amidst reports of ference Office at UCSD for arranging facilities,
lower attendance in other conferences due to room and board and for running the conference
budget constraints in many laboratories. Further- very smoothly. The program committee is grateful
more, an increasing number of conferences are to the session chairmen for handling their sessions
related to electronic materials and devices around very well.
the world. The day before the conference started, About 95% of the 230 papers presented at the
there were less than 400 pre-registrants. However, conference are included in this volume, resulting
the number of walk-in registrants turned out to be in a very thick proceedings. The editors would like
over 100. The total number of participants was to thank the many referees for their assistance in
about 500, far exceeding the committee's expecta- producing this volume and acknowledge the inval-
tion. Twenty countries were represented. uable help of Vicki Postula and Karin Zirk at

In MBE-VI, about 230 papers, including 21 UCSD and Franqoise Y. Verploegh Chass6 and
invited talks, were selected from more than 300 the staff at North-Holland/Elsevier.
submissions-The scope of the conference covered
the entire spectrum of MBE technology, from
material aspects of growth, characterization, to C.W. Tu and J.S. Harris, Jr.

N
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Advances in molecular beam epitaxy (MBE)

A.Y. Cho
A T& T Bell Laboratories. Murray Hill. New Jersel- 07974, USA

Molecular beam epitaxy (MBE) continues to set the standard for the control of epitaxial layer thickness and uniformity over a
large substrate area. Recent improvement in growth conditions allow us to prepare epitaxial materials free from oval defects with

electrical and optical properties better than or as good as any other crystal growth technique. Artificially structured materials permit
us to explore physical and chemical properties that do not exist in nature. In the area of crystal growth. there have been two main
movements in recent years: one is to grow in selective areas by depositing on patterned substrates or with focussed ion beams: the
other is to extend epitaxial growth beyond lattice-matched systems with strained layers. Alloy systems such as AI,Ga, In ., As.
AI ,Gal AsSb -,. InAsSb- ,. Ga,in, -. ,P. SiGe. ZnSe. and CdZnTe/ZnTe are among the new materials explored. New devices
grown by MBE with exciting results are surface emitting lasers, strained quantum well lasers, quantum well infrared photodetectors.
and real-space transfer heterostructure transistors (NERFETs). This paper will review recent advances in the conventional solid
source MBE.

1. Introduction pounds. The drive to have heterostructures in Si
technology similar to those in the III-V system.

Molecular beam epitaxy (MBE) has not only prompted workers to study the SiGe alloy [19-21].
brought experimental quantum physics to the This paper will discuss the recent results of
classroom but has also become a manufacturing material processing, patterned growth. strained
technology. For instance, more than 70% of the layer epitaxy, and some novel device performance
compact disc lasers in the world are now manufac- with solid source MBE. One advantage of using
tured by MBE [1]. This technology has also led to solid source MBE over the gas source is the lower
scientific investigations ranging from understand- cost for safety installation. Since I-VI and group
ing of material science for crystal growth to elec- IV materials will be covered by other invited
tron motion on an atomic scale [2-4]. Many re- speakers, I will cover mostly III-V compounds.
cent advances in the understanding of crystal
growth, such as elimination of oval defects 15].
influence of surface induced Fermi-level-pinning 2. Material processing
on impurity drift [6], selective area growth [7-11],
and strained layer epitaxy [12-141. were reported. 2.1. Elimination of gallium-source related oval de-
By coupling the intersity oscillation in reflection fects
high-energy electron diffraction (RHEED) with
the computer controlled MBE shutters, the epi- Oval defects have been seen in MBE GaAs or
taxial layer thickness can be controlled to atomic AIGaAs films grown on {100) substrates [22].
layer precision. This was used to form phase- These are hillocks or (11l) faceted growth around
locked epitaxy (PLE) [15]. Stimulated emission an impurity cluster or a Ga droplet with the major
from a CdTe/HgCdTe heterostructure [16], pho- axis along (110). In a clean manufacturing en-
todiodes fabricated with HgCdTe with semi-metal vironment, these defects have been reduced to
Schottky layers [171. and ZeSe light emitting di- below 300 cm -- ' [23,24]. They were also not as
odes [181 were demonstrated for Il-VI corn- noticeable when graphite lined Ga ovens were

0022-0248/91/$03.50 - 1991 - Elsevier Science Publishers B.V. (North-Holland)
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used in early MBE studies. However, much higher temperature heating with aluminum [5]. The pres-
density (103-104 cm-2) is generally observed in ence of residual aluminum may also getter the
an average MBE laboratory with pyrolytic BN gallium oxide in the Ga charge to further reduce
crucibles depending on the growth thickness. It Ga spitting from the oven [25]. An Al treated
was recently reported that if the Ga charge was effusion cell produced a total of 600 pm of GaAs
contained in a pyrolytic BN crucible which was layers before some oval defects began to appear.
previously used for the evaporation of aluminum,
the grown GaAs layers were totally free from 2.2. Doping studies
Ga-source related oval defects [5]. No defects were
observed even with layers as thick as 20 pm. Fig. I The influence of Fermi-level pinning at a semi-
illustrates the reduction of oval defects with such conductor surface can result in impurity drift dur-
an oven. This improvement was thought to be due ing crystal growth by MBE [6]. The electrostatic
to a change in the nature of the BN crucible dipole interaction between czrriers localized in
(possibly coated with AIN) after prolonged high surface states and their parent donors causes the

donors to segregate along with the growing surface.
Appropriate background doping to reverse the
field (screening) can reduce the segregation. This
gives us good physical insight, but for practical
devices, generally one does not have the freedom
to provide such background doping. Growth un-
der different reconstructed surface structures may
give us different screening conditions and be more

applicable to device preparations.
GaSb has an attractive characteristic which is

: ' '2. 7A: 4 unique to III-V compounds. It has comparable
~ values for electron and hole mobilities and there-

fore can be useful for the fabrication of compli-
mentary circuits. AIGa, -Sb lattice matched to
GaSb substrates covers the wavelengths from 0.78
to 1.71 tm which is useful for applications in the

W - W I 4 :, optical fiber communications system. However. it

- - i is difficult to dope GaSb or AIGa -,.Sb n-type
with MBE. The conventional group IV elements
such as Sn and Si are not incorporated as donors.
Tellurium is a high vapor pressure element and

S7-,: does not evaporate in the form of monomers.

Using a compound source of SbTe3. GaSb was
S P, :i ! . successfully doped from 1017 to 2X 0 ' cm -3

S1261. For n = 1.8 X 107 cm - 3. a room-temperature
. -- ,electron mobility of 3000 cm:/V •s was obtained.

Further increase in Te concentration to 2 x 10
19

cm <resulted in a reduction of both the carrier

concentration and carrier mobility. When GaSb
b ,was doped with a SnTe compound source, elec-

tron concentration from 1.2 x 106 cm - 3 to 4 x
Fig. . Oval defects on 5 pim thick MBE GaAs layers grown 1018CM 3 was obtained reproducibly 127]. Carrier
with (a) Ga charge in conventional BN crucible and (b) Ga 5m- was S
charge in an Al-treated BN crucible (51. Marker represents 50 mobility as high as 5100 cm2/V s was observed

pm. for n = 3.2 × 1016 cm -- at room temperature. Fig.
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10 2.3. New material systems

GaAlInl_,_,As epitaxially grown on lnP
E substrates covers the wavelengths from 0.855 to
>- 103 00 1.65 pm, similar to those of Galn,-,As,P,

u which cover from 0.925 to 1.65 pm. However, the
c former needs to control only one high vapor pres-
0suregroupVelement and it is more suited for the

conventional solid source MBE. Device quality
X_ _ ,-1021 _ _ _material without misfit dislocations was grown

1016 1017 1,08 109 over the entire composition by keeping the In flux
ELECTRON CONCENTRATION (CM3) constant while changing the Ga and Al cell tem-

Fig. 2. Hall mobilitv as a function of electron concentration for peratures simultaneously to keep the total Ga plus
SnTe doped GaSh [27]. Al flux constant such that (x +y = 0.47) [29]. The

renewed interest in this material [30,31] is due to
the more available computer-automated MBE sys-
tems which allow one to accurately model the

2 shows the electron mobility of SnTe doped tm hc lo n oacrtl oe h
2a~. sbcharacteristics of the effusion cells, including not
GaSb.

Many investigators studied carbon as a possible only the static flux versus temperature relation-

candidate in addition to the most commonly used ship, but also the time-dependent behavior of the

beryllium for p-type dopant in III-V compounds. cell [31]. This quaternary is viewed as a binary
alloy of the two ternaries ln05jGa0.47As and

Carbon has a relatively low ionization energy.high solid solubility (> 1020 CM-3). and low diffu- Ino_52 AI) 4xAs with two indium sources. Excellenthiho o biity n Gas. Cmrbon don lowif- a lasers operating at an emission wavelength of
sion coefficient in GaAs. Carbon doping with a I.Smwtatheolcurndnsyasows

resistively heated (1700-1900'C) graphite fila- 1.5m with a threshold current density as low as

ment cut in a serpentine shape can achieve con- 830 A cm were demonstrated [30).

trolled acceptor concentration over a range from Ga In, ,P lattice matched to GaAs is an im-

1017 to 10 20 cm 3 [28]. The room temperature hole portant alloy system for photonic devices in the

mobility of the GaAs epitaxial layer as a function visible wavelength (6000-6800 A). High quality

of the hole concentration is shown in fig. 3. epitaxial layers were recently demonstrated with
MBE 132]. A solid red phosphorus source with a
cracker cell has also been used to generate the
dimetric phosphorus beam for the growth of
Ga In,_ ,P at 510'C [33]. A 10 /m wide stripe-

So o 300K geometry GalnP/AIInP DH laser showed a low
ew threshold current of 93 mA and an emission

Ewavelength of 670 nm at room temperature [341.
*Among the II-VI compounds, ZnSe has poten-

tial application as a blue light emitter. It can be
. 50 doped n-type fairly easily, and much effort has
0 oop" gone into the itore difficult problem of p-type

doping. Most recently, ZnSe diodes were grown
on n-type GaAs substrates at 225 to 325 0 C with

< I ." io" tI 10RO special designed two-zone heated effusion cells
HOLE CONCENTRATION (cm-3 ) [181. ZnCl 2 was used to dope the n-type layer, and

Fig. 3. Room temperature Hall mobility as a function of hole pure Li metal was used to dope the p-type layer.
concentration for carbon doped GaAs 128. Large volumes of reproducible ZnSe blue light
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emitting diodes (A = 471 nm at 300 K) were pro- TAER A

duced [18]. 
LAYER

We expect that it will be essential to develop
silicon heterojunction technology. The two most S U OST RATE

promising candidate material systems are silicon- ..

germanium and silicon carbide. The former can be Fig. 4. Schematic of cross-sectional view of non planar sub-

grown with MBE and the latter has to be grown strate and epitaxial laver.

with plasma assisted epitaxy. Because of the large
lattice mismatch between Si and Ge (4%). only a
thin commensurate structure with relatively low strate with (100) ridges and grooves formed with
Ge content can be grown without misfit disloca- (111) side walls, the Ga atoms tend to migrate
tion [19.20]. Si-Ge0.4Si0 , quantum well structures from the side walls to { 100) plane resulting in a
were grown at 530 C to demonstrate three-termi- 20% to 50% thicker laver on the ridge and groove
nal resonant tunneling transistors [19]. Work on than on the side walls as shown in fig. 4. If we
molecular doping species has successfully used grow GaAs and AIGaAs superlattice over the
boron oxide B201 and boric acid HBO., as boron whole channeled substrate, the resulting structure
doping sources. Carrier concentrations as high as would have higher AlAs mole fraction on the side
102" cm ' have been achieved [35]. walls than on the (100} plane: a natural forma-

tion of an index guided injection laser structure
with single-step growth is produced. Fig. 5 shows

3. Patterned growth

Single crystal growth in selective areas has been +GaAs
demonstrated earlier with patterned oxide as a H+ Implant TiiAu
mask over a substrate [36,37] or epitaxial growth _\/ p-AI.,sGa..sAs

on a pre-etched nonplanar (channel) substrate [38]. ------ AI.Ga ,.As
On a (001) GaAs surface, the side wall growth is
smooth when the stripe is aligned in the [110] .A.Ga,_As

direction and rough when aligned in the [1101
direction [37). There are many recent and excellent n-AI. 5Ga@. 5As
studies of MBE growth on nonplanar substrates
[7 10]. The difference in the growth rate on planes
of different orientations results both from the n + -GaAs

spatial variation in the flux of the source beams as
well as from migration of the adsorbed atoms to a
more favorable crystal plane. With various ratios
of HSO4 : HO,: HO. or different depths of
etching. one may form different micro facets in
the etched channels. Facet planes of (311 ), (411},
(111). (811), (711). and (544) were observed in
the channel [8,10]. The migration length of Ga
adatoms at the growth temperature is in the order
of 1-2 pim while the In adatom migration length
on (100} plane is as long as 25 pm [10]. It is this
different migration rate on different facets and the
formation of "kinks" in the channel that make Fig. 5. Cross section of a one step MBE grown patterned
MBE on nonplanar substrates potentially useful graded-index separate confinement (GRINSCH) quantum well
for optoelectronic devices. For instance, on a sub- laser. This laser has a threshold current as low as 0.35 mA 191.
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L _ Ga ION BEAM
OXIDE GROWTH

t OVERGROWTH ION BEAM WRITING

200*C

BRIEF ION SPUTTERING
AND C12 ETCHING 104torr C12

TO REMOVE CARBON jj

ETCH

DESORB OXIDE

Fig. 6. A .,chematic dagram illustrating the proces.ing ,equence for the formation of in-situ patterning and regrowth (I 1.

such a structure which has a threshold current as [40]. but also provides desirable electronic proper-
low as 0.35 mA at room temperature [91. ties for high-speed transistors 141] and optical

One other way to achieve patterned growth is properties for high-speed lasers [421 because of the
to combine focussed ion beams with MBE [13.391. biaxial strain.
An in-situ patterning process is achieved by writ- In the cr-stal growth of strained layers, most
ing with a 20 keV Ga ion beam (10" 1015 cm ) studies were focussed on the thickness at which
on a very thin (20-30 A) native oyide laver. The dislocations are first observed, referred to as the
mask pattern is then transferred into the substrate critical thickness [43--46[. lnGaAs on GaAs and
by dry etching in a 10 - Torr 'I at 2000C with SiGe on Si substrates were studied extensively.
an etch rate of about 1000 A/min. The oxide The relaxation was found to be strain dependent
mask is then thermally removed. For regrowth on as well as highly temperature dependent [46].
this patterned substrate, a brief low energy ion For epitaxial layers thicker than the critical
sputtering and Cl. etching to remove any carbon thickness and without interface defects due to
contamination is essential. Fig. 6 illustrates the lattice mismatch, the growth may be conducted on
vacuum lithography and regrowth process. a patterned substrate. It was found that by a

reduction in growth area one can reduce disloca-
tion multiplication and limit the glide of existing

4. Strained laver epitaxy misfit dislocatioas [13,14,471. Fig. 7 shows the
drastic reduction of the linear density of misfit

The use of non-lattice-matched epitaxial mate- dislocations from > 5() dislocations/cm in an
rials to form strained quantum wells or periodic unpatterned substrate to nearly zero for a 70 Am
structures not only allows us to prepare materials mesa [131. The photomicrograph is a cathodolu-
operating at a wavelength which would otherwise minescence image of an ln,,111Ga, ,As epitaxial
not he accessible with lattice-matched materials layer. 3500 A thick, grown on a GaAs patterned
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5. Novel devices

5.1. Strained InGaAs/ GaAs quantum well lasers

Strained InGaAs/GaAs quantum wells were
grown on nonplanar substrates with (100) ridges
and grooves formed with (311)A sidewalls. 1481.
To study the In adatom migration effect on differ-
ent widths of ridges, two 70 A lnGa ,As quan-
turn wells were grown with x = 0.10 and 0.17 at
520'C on 4 and 40 pm wide structures. It was
found that most of the In atoms on the (311)A
sidewalls migrate to the (100) ridges and result in
a larger InAs mole fraction on the ridges. Fig. 8
shows the 5 K cathodoluminescence spectra of
these two quantum wells at two different widths
of the ridges. The upper spectrum with peaks at
870.8 and 914.0 nm was taken at the middle of a 4
ftm wide ridge while the lower spectrum with
peaks at 863.0 and 902.5 nm was taken from the
middle of a 40 Am wide ridge. The emission
wavelength from an unpatterned substrate would
be 859.6 and 897.6 nm. respectively. Graded index
separate confinement heterostructure (GRINSCH)
lasers were fabricated on patterned substrates with
ridges varying from 3.5 to 40 pm wide [481. Fig. 9
shows room temperature cw lasing energy of 70 A
In,,,Ga1 55As quantum well GRINSCH lasers

InGaAslGaAs OWs
T= 5K

(a)
20pm (b

Fig. 7. Cathodoluminescence images of 3500 A Ino 1 1Ga,),,As rO

laser on GaAs (a) with no lateral restriction (h) on a 90 pim ! 4Mm
diameter patterned mesa substrate (c) on a 67 pm diameter > -(a) i _

mesa substrate [I 31. Markers represent 10 jm. z

z
UJ"![ FWNHM =5 5 meV

(b)

800 825 850 875 900 925 950

substrate at 550'C. It is seen here that by reduc- WAVELENGTH (nm)

ing the lateral dimension of the growth surface. Fig. 8. Cathodoluminesence spectra at 5 K for In,G(al As,

one can reduce misfit dislocation density for the (GaAs quantum wells (70 A) with x = 0.10 and 0.17 taken at (a)
4 pm wide ridge and (b) 40 pm wide ridge. The peak emission

growth which is greater than four times the previ- wavelengths observed in a spectrum obtained from a (100)

ously accepted critical thickness. planar section are 959 nm and 847 1491.
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1.30! , , , - evaluated at the wafer level before separation into

i InGaasGaAs NP LASERS (Io) chips; it may be used for a high power source
1. 28 T300K because it can readily be fabricated into a two-di-

mensional coherently coupled array (fig. 1I): it

0 1.26 - can be used as a high performance single frequency
W laser because of its inherent dynamic single longi-
u 1, tudinal mode operation which is due to the large

1i 20 -mode spacing of the short cavity (0.5-2 Arm).
-, Distributed Bragg reflectors (DBRs) consisting122 0 0. 2550

1.22 0 25 s of periodic quarter wavelength stacks of low and
CURRENT (mA) high refractive index AlAs and GaAs are used for1.20 ' ' ,

0 5 10 15 20 25 30 the reflecting mirrors of the laser. However. the
ACTIVE AREA WIDTH (Asm) energy bandgap difference at the hetero-interface

Fig. 9. Roonl temperature cw lasing energy of strained In0.15 results in potential barriers (spikes) which in turn
Ga,,As, GaAs GRINSCH lasers grown on patterned sub- creates a large series resistance for the device. This
strate with various stripe width. Energy differences larger than series resistance gives rise to thermal heating and
( m\eV are achieved as the ridge width is decreased. The inset

,hows a tpical cw power as a function of injection current thus deteriorates the laser performance. With
curve for a 4 gm X 750 Asm device 1481. " bandgap engineering", either by compositional

grading at the interface or by using a multi-stair

case superlattice, we can eliminate the interface
grown on different ridge widths. Threshold cur- spike and reduce the series resistance. In the
rents of 4 Ism X 750 tm uncoated devices lasing GaAs-AIGaAs DBR structure, about two orders
single mode at a wavelength of 1.01 jIm were as of magnitude reduction in series resistance was
low as 6 mA (Jh = 320 A/cm2 ) [481. achieved without deteriorating the optical reflec-

tivity [521. Fig. 12 shows a cross-sectional electron
5.2. Surface emitting lasers micrograph of the AIGaAs/GaAs surface emitting

laser. It takes more than 20 pairs of this semicon-
The surface emitting laser which emits the light ductor superlattice to form a mirror with reflectiv-

normal to the substrate surface, as shown in fig. ity higher than 98%. The structure consists of a
10 [49 511. is emerging as a promising solution for total of 360 layers and is computer controlled for
fabricating Ilw-cost lasers because it can be the entire growth. Fig. 13 shows the typical lasing

OPTICAL FIBER
METALOTIA

SUBSTRATE

n-A! 0* 1Ga0 .9As/AI As

n 0 3 Ga 0 7AJs

P-GaAs ACTIVE - I

P-Al 0 3 Ga0 As

P-Al .1Ga 0 9AS/A I 0 7Ga 0 3 As

METAL
Fig. 10. Schematic of a surface emitting laser with all epitaxially grown superlattice reflecting mirrors [511].

........... nn f
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Fig. 11. Scanning electron micrograph of arrays or surface emitting lasers (R.A. (ottscho).

characteristics under cw% at room temperature. Re- three 70 A thick AI,3Ga,-,As harriers. The
cent results showed that a 15 p~m diameter device threshold current is 2.2 mA for a 10 ltm diameter
has a room temperature cw threshold current of laser operating cw at room temperature with dif-
2.5 mA giving an output power of 0.2 mW with a ferential quantum efficiency as high as 20%.
temperature coefficient for lasing, T, 115 K [53). A two-dimensional phased coupled array of

Ion implantation may be used to isolate the surface emitting lasers was also demonstrated
surface emitting lasers and to preserve a planar [56,571. The array was comprised of more than 160
geometry [54]. Most recently. deep Ht-ion im- lasers of 1.3 p~m diameter with a separation of less
plantation (300 keV) was used to form an em- than 0.1 tpm between each lasing element. Due to
bedded insulating layer at the depth of the active strong optical coupling between lasers, the
region to isolate individual SEL devices [551 as threshold current is only 280 juA for each elemen-
shown in fig. 14. The active region consists of four tal laser. The far-field beam angle of the array was
100 A thick GaAs quantum wells separated by as narrow as 7' indicating that phase locking had
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_______________________________LASER OUTPUT AT 845 nmn

I I AuZn ELECDEj

ACTIVE . l DEEP H ION
REGION J ANTATION

e GaAs SUBSTRATE

(a) SIDE VIEW

z
x 0.01

OUTPUT WINDO
Au/Zn
ELECTRODE

(b) TOP VIEW

932 908 884 861 837 814 Fig. 14. Schematic of a deep ion-implantation to isolate indi-
vidual lasers [55].

WAVELENGTH (nm)

Fig. 13. Room temperature cw emission of the surface emitting been achieved. A holographic reconstructed image
laser. The side mode suppression ratio is better than 35 dB was demonstrated with the two-dimensional

(531. phase-locked array [56].

VD 200RA InGaAs
Lch Sn: 1020 CM-3

25 A InAlAs 0C
Si: 1019 CM- 3

500 n- (M~RnSi)
InGaAs EMTE1016CM- 3

S34 0.2 pim BARRIER
InAlAs (undoped)

Vc

_ 0.05 pim InGaAs: Si 1017 CM3

II 0.5pjm COLLECTOR n*(Si)
InGaAs 1019C-3

SEMI-INSULATING
InP SUBSTRATE

Fig. 15. Cross-seetion of a charge injection negative differential resistance field effect transistor. The energy-band diagram is under an

applied collector bias condition (611.
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5.3. Three-terminal real-space transfer devices Fig. 15 shows the cross-section of the device struc-
ture and the energy-band diagram under an ap-

The charge-injection transistor is based on the plied collector bias. The trench in this heavily
real-space transfer of hot electrons between two Sn-doped cap layer defines the emitter channel.
low bandgap semiconducting layers separated by a whose length (L~h) varied from 0.6 to 2 tim.
large bandgap potential barrier layer [58,591. The Recent results showed that the peak-to-valley ratio
drain and source contacts are on one semiconduct- of the negative differential resistance in the drain
ing layer and the collector contact is on the other, circuit routinely exceeds 1000 with a maximum
separated by the potential barrier layer (fig. 15). observed value of 7000 (fig. 16). The measured
As one applies bias to the drain and source, the peak transconductance typically exceeded 10
carriers get heated and are injected into the collec- S/mm and the highest observed value was 23.1
tor layer. A strong negative differential resistance S/mm. A single device structure that performs
develops in the drain current (UD) as a function of logic operations such as NOR and AND were
drain voltage (heating voltage, VD) characteristics, demonstrated [61).

A successful charge injection transistor was
prepared with lnGaAs/lnAlAs lattice matched to
InP substrate [59]. Advantages of this system for 6. Future challenges
real space transfer (RST) transistors are the low
effective electron mass which favors heating ef- Molecular beam epitaxy (MBE) continues to
fects and large AE, to reduce leakage current of advance and set standards for the control of epi-
"cold" electrons. Perhaps the most important fac- taxial layer thickness and uniformity over a large

tor in preparing such a structure is to be able to tate ar whie t r and opical

grow a non-alloyed (Sn-doped) ohmic contact [60] substrate area while the electrical and optical
properties of MBE epitaxial materials are either

so that the multi-layers will not be shorted as exceeding or comparable to any other crystal
would occur with the standard alloyed contacts, growth technique. New physics. new material

characteristics, and new devices will continue to

10 be discovered. There are several new challenges in
material processing:

ic - Develop semiconductor materials for electronic
4 and optical devices operating above 850 C.

E" - Develop new artificial structures for optical
a- 0.4 " switching (large electro-optic effect).

- Develop regrowth technology for MBE so that
[- one may fabricate high performance integratedCr ¢

- - circuits and the integration with photonics (in situZ4 20.2

C~z 2 - o integrated processing)
J - Develop MBE automated systems that can

00 0 routinely produce highly uniform layers with vari-
39 43 ation less than 1% over 10 cm.

COLLECTOR VOLTAGE VC (v)

0 0

0 1 2 3 4 5 6 7 8 9 10 Acknowledgements
HEATING VOLTAGE V, (V)

Fig. 16. The drain current (/o) and collector current (4.) as a I would like to thank Russ Fischer, Naresh
function of the heating drain voltage (V) for a charge injec- Chand, Jim Harbison, Y.L. Wang, Eugene Fitz-
tion transistor. The collector bias. Vc , is 3.9 V. Inset: collector
bias dependence of the drain current peak-to-valley ratio and gerald, Piotr Mensz, J.F. Chen, Y.H. Wang, and

the leakage current, defined as 4, at VI, = 0 1611. Debbie Sivco for many helpful discussions.
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4 X IO cm2 V -' s-' peak electron mobilities in GaAs grown by solid
source MBE with As 2

C.R. Stanley, M.C. Holland, A.H. Kean
Department of Electronics and Electrical Engineering, UniversidY of Glasgow, Glasgow GI 2 8QQ UK

J.M. Chamberlain, R.T. Grimes and M.B. Stanaway
Department of Physics. Universitv of Nottingham. Nottingham NG7 2RD. UK

A detailed study into the molecular beam epitaxy of high purity n-GaAs with arsenic dimers has been undertaken, culminating in
the growth of a layer with a peak mobility of = 4.0 X 105 cm2 

V 1 s- ' at 28-40 K. the highest ever recorded in bulk GaAs.

1. Introduction 2. Experimental procedures

Many advantages are gained from the use of 2.1. MBE system
arsenic dimers (As,) rather than tetramers (As 4 )

in the growth of (AI.Ga)As by solid source molec- The layers were grown in a Varian Modular
ular beam epitaxy (MBE). These include a reduc- Gen II MBE system equipped with standard
tion in the concentration of deep electron traps in sources for Ga, Al. As 4. Si and Be, together with
GaAs [1], the elimination of the temperature Varian "cracker" sources [7] for As, and P,. The
window betv," .Li 630 and 690 C within which procedures described by Larkins et al. [9] and
the morphology of (AI,Ga)As is poor [21, and a recommended by Varian [10] were broadly fol-
reduction in the concentration of carbon incorpo- lowed to condition the sources and the growth
rated into GaAs from the solid arsenic [3,4]. Gen- environment of the MBE system. The gallium
erally, however, the total impurity densities in source was loaded with 8N's gallium from Alcan
As 2-grown GaAs have been higher than in layers Electronic Materials A.G. Both the conventional
grown under comparable MBE conditions with As 4 source and the sublimator section of the AS4

arsenic fluxes generated either conventionally from cracker were filled with 7N's purity MBE-grade
high purity arsenic lumps (As 4) 151 or from arsine arsenic lumps from the same batch supplied by
(AsH) [6]. where free electron concentrations, Preussag GmbH.
n = Nd - Na around 3 x 10 -" cm - 3 and peak elec-
tron mobilities, jpp up to -- 3 x 105 cm 2 V-t 2.2. Wafer preparation
s 1 have been recorded. This paper will address

the use of a new As 2-source, similar to that de- Undoped (semi-insulating) (100) GaAs wafers,
scribed by Chow et al. [7], in the growth by solid 2 inch in diameter, were rinsed in H 2 SO 4 and
source MBE of thick unintentionally doped de-ionized water only, and heated in air at 250 °C
(hereafter referred to as "undoped") n-GaAs layers for 5 min to form a surface oxide [11]. The wafers
with exceptional peak electron mobilities [8]. The were mounted without indium bonding into Mo
investigations have culminated in the growth of holders, given an extensive degas at 500 *C and a
the highest mobility bulk GaAs ever produced. final degas at 620 0 C for 20 min in the inter-

0022-0248/91/$03.50 ( 1991 - Elsevier Science Publishers B.V. (North-Holland)
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mediate chamber of the MBE system, and then sition from the c(4 x 4) to the (2 x 4) reconstruc-
cooled to 400 °C. This caused the desorption of tion. Details of the growth conditions are pre-
the oxide layer (without an As overpressure) into sented in table 1. All layers, with the exception of
the intermediate chamber and the observation #B27, were grown at a rate of I m/h under
by reflection high energy electron diffraction (2 X 4)-(100) As-stable conditions. However, for
(RHEED) of well-defined reconstruction im- #B50, a central region = 25 mm diameter grew
mediately the wafer surface was exposed to an with a (2 x 4) pattern and had smooth mor-
arsenic flux in the growth chamber. phology, while the outer ring of the wafer was

(3 X 1) due to a slight temperature increase, and
2.3. Growth parameters resulted in a rough surface.

The arsenic sublimator temperature was 290- 2.4. Analytical techniques
300 0 C for As, : Ga flux ratios, F of = 2.5-4.5 : 1
at a 1.0 Mm/h growth rate. while the cracker A comprehensive evaluation of the electrical
operated at T.= 600-700°C. The As 4 - As2 and optical properties of the layers has been un-
cracking efficiency was estimated to be = 70% at dertaken using 4-300 K Hall measurements and
6000C. rising to 2!95% at 700°C [12]. Fluxes 4.2 K far infrared photoconduction spectroscopy
were determined from both RHEED intensity (FIRPC) [131, and by 5 K photoluminescence
oscillations and beam equivalent pressures. Sub- spectroscopy (PL). The discussion in section 3 is
strate temperatures T between 520 and 620°C restricted to FIRPC results obtained with 302 pm
were used. which were checked with an optical radiation which excites the Is - 2p--, transitions
pyrometer. The minimum Fr for (2 X 4)-(100) As- of the hydrogenic donor impurities; a full account
stable growth at 1.0 pm/h with , - 520-610°C of the FIRPC experiments has been presented
was 2.5:1. For T, = 520°C. the wafer was only elsewhere [14]. It is sufficient to note here that
5°C above the temperature, which caused a tran- although FIRPC spectroscopy in isolation yields

Table I
Summary of the growth parameters and Hall data for unintentionally doped n-GaAs grown with As,: one sample of As 4-grown
Si-GaAs. I B37, is also included for comparison: # B47 was grown undoped with As4

Sample Growth parameters Hall and FIRPC data
No. Flux Substrate d T n 71 A 7-7 ppak Na/Nd Ns, Ns

ratio temperature (pum) (°C) (10" cm 3 ) (cm 2 VI s- 1 ) (cm V- s -1) (ref. [181) (10
3
cm-) (10"crn '

(*C)
B27 2.5:1 583 15 700 72 93000 106000(70 K) 0.28 29.0 51.0
B38 4,5:1 583 10 700 16 161000 219000(50 K) 0.31 4.0 15.0
B43 31: 1 -520 10 700 13 182000 278000(40 K) 0.2 1.5 13.5
845 3.2:1 580 15 700 9,7 184000 275000 (50 K) 0.3 4.0 5.0
B48 3.2:1 612 15 700 7.6 203000 327000(42 K) 0.2 6.3 0.7
849 32:1 618 15 700 9.5 191000 282000 (45 K) 0.24 - -
B50 2.5:1 580 15 700 9.8 211000 332000(40 K) < 0.1 3.2 3.8
B50 2.5:1 -580 15 700 4.6 174000 - 0.62 8.0 4.0
B52 3.2:1 610 15 700 10.3 191000 283000 (45 K) 0.2 6,7 3.3
854 3.5:1 583 15 650 2.8 220000 402000 (28-40 K) 0.2 1.1 2.9
B55 4.1:1 583 20 600 SI - - - - -
B56 4.1:1 580 30 635 SI - - - 0,55 3.0
B64 2.9:1 585 15 700 6.9 195000 326000(40 K) 0.28 5.0 3.0

B37 7.6:1 585 15 (As4 ) 2.4 160600 - -0.8 -
B47 5.5:1 581 15 (As 4 ) 6.6 4055 (p-type) - -

' Centre.'Edge.
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only the relative donor densities in a particular , Si
sample. the concentration of individual shallow sn ls-2p,
donors can be estimated from the FIRPC spectra _ aso
used in conjunction with Hall measurements, pro- ^antre

950vided the deep electron trap concentration is edge
negligible. The 77 K Hall data, peak electron
mobilities, and estimated donor impurity con-

centatins (si nd N 1852
centrations (Ns and Ns) are summarised in table 2
1. An iterative procedure was used to produce
consistency between the total depletion layer 854

thicknesses and the free electron density, based on x
numerical values derived from ref. [15].

B56

A238
3. Results and discussion a

All layers grown with As, were n-type, in con- 2. 3 3.5 4. 4.5

trast to As4 growth from "conventional" Knud- MagneticFluxDensity(T)
sen-type sources in two different Varian MBE Fig. 2. Far infrared photoconductive response versus magnetic

systems, where un-GaAs produced from Preussag flux density due to Is 2p -, donor transitions in Asz-grown

arsenic was always p-type. A test layer. #B47, MBE n-GaAs under illumination with 302 .im radiation (sam-

was grown with T - 100°C so that the flux from pies B50-"&B56. and srA238).

the cracker source was composed entirely of As4

molecules; this layer was also p-type (table 1). The As2 -grown material, with traces of Se/Sn 113.14].
sequence of FIRPC spectra reproduced in fig. 1 #1B37 was grown with "conventional" As4 and
shows that Si and S are the principal donors in intentionally doped with Si for n-type behaviour.

There is a noticeable absence of S. possibly be-
S 302Wm cause when As 2 is used. large S molecules (S ,, Ss),

-. 2p.1  released from the solid arsenic charge, are them-

selves cracked into lighter species (S t , S2) in the
2cracker furnace, and then incorporated into the

837 GaAs more effectively due to a higher sticking
coefficient [161. A second series of FIRPC spectra
is shown in fig. 2. For #B50. Ns is found to be

838s approximately constant between the centre and
B43 edge of the wafer, as expected for T,--= 5800*C1 4: where desorption of S as Ga2S is insignificant

[16, but Ns, is unexpectedly higher near the edge

Bwhere the increased As-vacancy concentration un-
tn der (3 x 1) growth might influence a proportion of

the incident Si flux to incorporate as acceptors
-48 rather than don(,rs. The evaluation of Nsi and N,

__for all As,-grown samples within # B27-*B52
2.5 3.0 3.5 4.0 4.5 suggests is a progressive clean-up of the As,

MinW Wt~c Flx Oisitv) source, after which Ns, and Ns equilibrate at
Fig. I. ar infrared photoconductive response versus magnetic
flux density due to Is -, 2p - I donor transitions in As 2-grown approximately equal concentrations -(3-6)x

MBF. n-GaAs under illumination with 302 ;im radiation (sam- 1013 cm - for growth at T - 580°C and F, -
pies *B27-IB48). 3.2: 1. An exception is #B48 which has a lower
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Ns, 7 x 101 cm- 3 due to a higher value of T,. eOx X, DO h

driving the surface close to the (3 x 1) reconstruc- e.A% J DOAOc /" 0 X0.x

tion where S loss becomes measurable. 
XA238 

is C ( Q= . , 2,
#A238 is .£.(Xn=lLPB 

0I.32SJ

included in fig. 2 to show that S can be the C

dominant impurity in undoped GaAs grown with .- (a)

As 4 (from Johnson-Matthey arsenic), resulting in
n-type conductivity. Bearing in mind the previous /

comments regarding the enhanced sticking coeffi- QC

cients of smaller S molecules, the importance of 828 832 835 (b)

selecting the "'correct" arsenic for use in a cracker 8 8 3 8(

source becomes apparent. Arsenic with a high . B . 3 _ :9 20 82

residual S content which produces n-type As4-
grown layers will yield even high background dop- Wavelength (nm)

ing levels when used as As.. Fig. 4. 5 K photoluminescence spectra. reprodiuced on identical

The approximately constant donor concentra- intensit scales, for 15 ptm thick undloped GaAs Iayers grow~n
tion intensity refleTe d xi l constnt vnof onn-. bN MBE with (a) As, (p-type) and (h) As. (n-type). The

tion is reflected in consistent values of n. P excitation conditions were the same for both spectra: wave-

and tL, (table 1). with most of the 77 K Hall length 485 nm: intensity 50 mW'cm resolution < 0.02 nm.

data for samples prepared under similar condi-
tions grouped around n,, = 1 x 104 cm 3 and

2 x 105 cm2 V- 1 s '. Plots of p versus T as t~p, increases from 1.06 x 10 to 3.27 X 10'
from - 4 to 300 K for samples =B27 (the first cm V 1 s 1. The compensation ratios derived
As.-grown sample). =B38. #B45 and =B48. all from theoretical data 1171 are lower than in As,-
grown with T,, = 700° C. are illustrated in fig. 3. grown layers with comparable free electron densi-
The decreasing influence of ionized impurity ties. The main reason for this is revealed by the 5
scattering in =B27 through to =B48 is apparent K PL spectra (fig. 4). which show the virtual

disappearance of the acceptor(carbon)-related
transitions for growth with As. under (2 x 4) As-

106 I I I stable conditions.

Il I . #S54 The evidence from the FIRPC spectra (figs. I
- ill #848 and 2) discussed below suggests that the Si

7 #S45 originates from a component in. or close to the
Q $B38 cracker furnace of the As, source. while the S is a

E #B27 residual contaminant in the solid As charge. Three

1 l I-i . i I li layers were grown to assess the effect of varying
105  TI T, between 600 and 700'C. =B54. =B55 and

C 'n[ '+ 1=B56. Compared with =B48. the ratio of the S
0 iand Si peaks in the FIRPC spectrum of =B54

_ -v~ fllI (T, = 650 o C) (fig. 2) has changed such that N, >
fNs (>> N,,). The signatures of all three donors are

better resolved and the linewidths for sample
"B54 are almost half those for t B48. indicating

104 ,.1_____ __ an overall lowering in Nd. Further support comes
10 100 1000 from the Hall data where n,, for #B54 has been

Temperature (K) reduced to 2.8 x 10" cm ". while I7- has in-

Fig. 3. Plots of mohility versus temperature for samples # B27, creased to 2.2 X 105 CM2 V - . corresponding
dto, = • to compensation ratio of - o.2 1171. Nd and N,2c3. Uit B45. 39 48 ( T, = 7M0o . and t B54 (, = 60 () 101

showing progressive increase in pr, with decreasing total are. therefore, - 4 x 10t and = I X 10 t ' cm
ionized impuritN concentration isee table i). respectively. The p versus T plot for # B54 (re-
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stricted to = 4-100 K for clarity) is shown in fig. of arsenic. 4.2 K FIRPC spectroscopy and 4-300
3. The mobility peaks at the very high value of K Hall measurements have provided evidence that
= 4.0 X 105 cm2 V- 1 s- ' over a broad plateau of Si from the As cracker contributes to the unin-
temperatures from = 28 to 40 K. the highest tended n-type conductivity of the GaAs layers.
mobility ever recorded in bulk GaAs irrespective although as Tr is lowered below - 6500 C, S
of the growth technique employed. Values of ILpeak incorporated from the solid As charge becomes
in the range (3.8-4.1) x 10' cm2 V- 1 s-' have the major impurity. There may be scope for grow-
been measured for several Van der Pauw and ing n-GaAs with even higher values of ttp, k using
Hall-bar geometry samples prepared from wafer the 8N's Ga and 7N's As charges currently availa-
t B54. UB55 (T,=6000C) and #B56 (T,= ble. This would involve modifying the conditions
635'C) have also been analysed. The ls -- 2p - used to grow # B48. again setting T, to 610-
transitions for # B56 (fig. 2) show a further reduc- 6200C to initiate partial desorption of the inci-
tion by a factor of two in the Si peak relative to S. dent S flux, but at the same time operating the
in sympathy with the decrease of T, to 6350C. cracker at T, < 6500C to minimize the Si con-
:= B55 could not be measured because of contact- tamination. A total impurity concentration of _< I
ing problems. and no Hall data could be recorded X 1013 cm 3 is a realistic target with the present
for either =B55 or #B56 which were believed to MBE equipment. However. Hall measurements on
be fully depleted. The estimated values of N5 , samples with low free carrier concentrations are
show a fall from = 6 x 1013 cm-3 (typical for hampered by the combined effects of the interface
T = 700 0 C) to _ 1.1 X 1013 cm 3 in #B54 (T, depletion layers [15J. requiring physical thick-
= 650 0 C). and =5.5 x 10I2 cm - 3 in =B56 (T, nesses as large as - 20-30 p m to avoid total
= 635 0 C). If the cracker section of the As. source depletion, depending on the precise value of n.
behaves as a Knudsen-type source, then the Si flux One solution would be to cap the undoped GaAs
will vary as - P,,( T )/T " 2 where Ps,(T) (in Torr) layer with a thin layer intentionally doped with Si
is the equilibrium vapour pressure of Si over Si at to =1 X 101cm - 3, to partially absorb the deple-
temperature T (in K). and from ref. [18]. tion caused by surface states. The cap layer could
logl,,p,(T) = -20,900/T- 0.565 log,,T + 10.78. then be fully depleted by applying reverse bias to
V, is predicted to fall by 13.8 as T, is lowered a Schottky contact covering the sample between
from 700 to 6500 C. and a further X 2.3 as T. is the ohmic contacts. A gated-Hall specimen of this
decreased from 650 to 635 ° C. Both reductions are nature would facilitate measurements on an un-
comparable to the estimates of - ×6 and = x 2 derlying high mobility layer of more reasonable
based on the FIRPC and Hall data. substantiating dimensions.
the view that the Si flux does originate from a
component in. or close to. the hot cracker furnace.
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Variation of background impurities in AlGal -,As (0.3 < x 0.4)
with growth temperature: implications for device leakage current
and surface/heterointerface roughness

Naresh Chand, T.D. Harris. S.N.G. Chu, E.E. Becker, A.M. Sergent, M. Schnoes and D.V. Lang
.4 T& T Bell Laboratories, MurraY Hill. New Jersey 07974, USA

In a wide range of growth conditions, the residual impurity concentration is found to be higher in AI ,Ga, As (0.3 < v _< 0.4)
than in GaAs. Undoped AIGaAs is p-type for substrate growth temperature Ts < 680'C and n-type for Ts -700°C. In n-type
Al, ,,Ga0,-As. typical electron density and mobility were 5 X 1014 cm - and 2340 cm2 V s at 30)) K and 5 X 10 2 cm ' and
8725 cm- V ' s 1 at 77 K. which we believe are the best values ever reported for this alloy. In p-type samples, hole density was

5 x 10'"cm ' at 300 K for T =5800 ' and :' 4x 10'cm ' for 600 °C < T 680*C. Photoluminescence (PL) intensity of near
band to band emission at 1.5 K decreased with increasing Ts from 580'C but increased dramatically with sharper peaks for
T, 

" 680'C. Leakage current in 0.5 Am n -GaAs/0.2 Am undoped-Al, ,Ga, ,As/n "-GaAs SIS heterostructure diodes increased with
increasing T, of AIGaAs from 580'C to 620'C but decreased several orders of magnitude for Ts = 700 C. Thus. Hall. PL and
leakage current measurements suggest degradation of AIGaAs properties with increasing Ts between 580 and 680°C but draratic
improvement for Ts > 680 0 C. Misorienting the (100) GaAs substrates by 2' -3' towards (111)A also caused marked improvements
in material quality in non-optimum growth conditions, For up to 5 am thick AIGaAs. there is no -forbidden" range of growth
temperature for misoriented substrates, but 10 Am thick layers were equally hazy on both type of substrates for 630 < T, < 6800(.
For best performance, devices employing undoped AIGaAs should be grown at - 580'C or if structure permits at - 700'C.

I. Introduction phology of AlGa - ,As degrades and becomes
hazy. Furthermore, properties of AIGaAs also af-

Epitaxial growth of AI,Ga, ,As with very low fect the AIGaAs/GaAs interface quality and the
levels of background impurities is imperative for properties of overgrown GaAs [1-4.14]. The in-
the success of AIGaAs/GaAs technology for verted interface (GaAs on A1GaAs) is usually
switching. microwave and photonic device appli- rough in comparison with the normal interface
cations, especially in devices where undoped Al- (AIGaAs on GaAs) 114].
GaAs is used. Growth of smooth and high purity Despite extensive efforts, variation of proper-
AIGaAs by molecular beam epitaxy (MBE) is ties of AIGaAs with growth temperature. the pres-
fundamentally more difficult than that of GaAs ence of "forbidden" growth temperature range,
due to complex growth kinetics and high reactivity and the origin of heterointerface roughness are not
of Al with oxygen and other impurities which are well understood. It is not yet clear why growth of
normally present in residual gases in an MBE different devices require growth of AIGaAs at
system. While there have been numerous reports different temperatures [6]. We feel that answers to
on the growth parameter dependent properties of these questions lie with the background impurities
MBE-AIGaAs [5-151. very few data are available in AIGaAs which vary with growth temperature
[16] on the level of background impurities in un- and has not yet been well studied. Using our clean
doped-AIGaAs and their variation with growth MBE system and the purer sources currently avail-
temperature. In addition, there exists a "forbidden able, we have studied the background impurities
range" [7- 111 of substrate temperature, T. be- and their effect on optical. electrical and surface
tween 630 and 690'C where the surface mor- morphological properties of undoped thick (> 10

0022-0248/91/$03.50 , 1991 - Elsevier Science Publishers B.V. (North-Holland)
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pm) AIGa, _As (x > 0.3) layers as a function of each side of AlGaAs, 25 A of GaAs was kept
growth temperature between 580 and 700'C. Ef- undoped to minimize diffusion of Si into undoped
fects of substrate misorientation were also studied. ilGaAs. Ga and Al cell temperatures were kept
Details of the study are reported here. the same in all three structures. Consequently, the

structure in which Al,.Ga, As was grown at 700'C
should have x - 0.33-0.35 due to reduced sticking

2. Experimental coefficient of Ga at this temperature. After growth,
ntGaAs/u-AlGaAs/n '-GaAs mesa diodes of

The AlGa -_As/GaAs structures were grown diameters 125, 250, and 500 pm were made by
using As4 flux in a Riber 32P MBE system dis- chemical etching of the top GaAs and AIGaAs
cussed elsewhere 117]. For studying background layers in 3NH 4OH:lH20:15H 20 using Au-
impurities. 10 jpm or thicker undoped layers of Sn-Au ohmic metal contacts as the mask. The
AI,Ga,-,As (0.3 < x <0.4) were gown at T resulting devices were characterized for leakage
varying between 580 and 700'C on exact (100) current at various temperatures between 77 and
and 20 to 30 C off (100) towards (Ill)A undoped 300 K.
semi-insulating GaAs substrates. We used 8N pu-
rity Ga. 7N5 purity As. and 6N purity Al rods.
Due to the high purity As source used, we do not 3. Results
notice any marked effect of As 4/Ga flux ratio on
the properties of AIGaAs and GaAs. Normally,
As,/Ga flux ratio was kept at the minimum nec- 3.1. Surface morphology
essary to achieve As-stabilized growth ccnditions.
The growth rate of GaAs was kept fixed at 1.0 AIGa - ,As, irrespective of x. grown at 580
tpm/h in all the structures and AlAs growth rate Ts < 620'C had featureless morphology. Between
( 0.5 pm/h) was adjusted to obtain the desired 630 and 680'C. all the Al Ga, - As (0.3 < x 0.7)
value of x. For comparison, undoped and lightly layers ( > 0.5 pm thick) studied on (100) substrates
Si-doped GaAs layers were also grown. The sub- had hazy surfaces. AlAs layers were smooth irre-
strate temperature was measured by a 2000 series spective of the growth temperature. For 7000C
Ircon pyrometer within + 5 ° C accuracy. To study growth, surfaces were smooth if x < 0.5 and hazy
the surface roughness and the effect of substrate if x was between 0.6 and 0.7. If grown on 30 off
misorientation in obtaining smoother growth in (100) towards III)A substrates, up to 5p[m thick
the forbidden temperature zone, two monolayers AIGa -.As layers had smooth surfaces irrespec-
thick GaAs marker layers were periodically incor- tive of the values of Ts (< 700'C) and x. but after
porated in AIGaAs layers grown simultaneously - 5 pm of growth surfaces developed haziness
on both types of substrates. The grown layers were during growth at 660'C, and 10 pm thick layers
characterized by Hall measurements at a magnetic were as hazy as those on exact (100) substrates.
field of 0.5 G and by 1.5 K photoluminescence To illustrate the effect that substrate misorien-
(PL) using 514.5 nm line of an argon ion laser tation has in the forbidden temperature range on
with 0.1 W/,mz excitation density. surface smoothness of AIGaAs, we show in figs.

To study the effect of growth temperature re- la and lb the TEM cross-sectional images of 1.7
lated background impurities on the leakage cur- pm thick A1 35Ga 06,As grown simultaneously on
rent in devices employing undoped AIGaAs layers. both types of substrates at 660'C with GaAs
three semiconductor-insulator-semiconductor marker layers at regular intervals. In the inset,
(SIS) (0.5 tm n*-GaAs/0.2 )m undoped- Nomarski phase contrast images of the respective
Ai.,Gao 7As/n'-GaAs) heterostructures were surfaces are also shown. The GaAs marker layers
grown on n'-GaAs substrates with different clearly illustrate that the AIGaAs surface is flat
growth temperatures for Al,) 3Ga 07 As, which were throughout on the misoriented substrate (fig. ]a).
580. 620 and 700'C. Ts for GaAs was 5801C. On but becomes wavy after 0.5 pm of growth on the
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4Oi

Fig. 1. 12001 dark-field TEM images of AI,35Ga,,,As grown simultaneously at 660'C on (a) 30 off (100) towards 111)A substrate
and (bl (l00) substrate. GaAs marker lines show smooth growth on misoriented substrate and rough growth on exact (100) substrate.

In inset, Nomarski phase contrast images of resulting surface morphology are also shown.

Table I
Growth temperature dependent properties of undoped AI,Ga, As

Sample Growth AlAs Thickness Background impurities (300 K) Surface
No, temperature content. (Im) Type Density Mobility morphology

(o-) X (cm 3 ) (cm
2
V Is I)

N444 700 0.33 11.4 n 5 X 10
14  2340 Smooth

(5 x 1012 at 77 K) (8725 at 77K)
N462 680 0.34 11.0 p 4 X 10' 5  88 Hazy
N464 660 0.35 15.0 p 4 X 10" 92 Hazy

(I X 101
5 ) 

, (150)"a

N461 640 0.33 10.0 p 4 x 10"
5  90 Hazy

N469 630 0.32 12.0 p 4X 10" 50 Hazy
N454 620 0.37 10.0 p 4 X 10'6 120 Smooth
.4452 580 0.35 10.0 p - Smooth

N463 580 0.30 20.0 p 5 x 1014 440 Smooth
N459 6 580 0 12.0 p < I x 1014 725 Smooth

N439
6
h 580 0 13.0 n 1 x 10

5  6715 Smooth
(Si-doped) (64000 at 77 K)

" On 30 off (100) -, < 1)A substrate.
" Undoped and Si-doped GaAs layers for comparison.



N. Chand et at / Variation of background impurities in AI,Gal, As with growth temperature 23

t100) substrate resulting in a hazy surface (fig. 1b). 1.934 eV

The waviness or surface roughness increases with INTENTIONALLY

thickness. UNDOPED AI.Ga -.As

3.2. Hall measurements GROWTH

TEMPERATURE 3 meV

,.3

Table I summarizes the growth temperature : /DB 13.5" X

dependent properties of undoped AIGa, _As "6 - E ev

layers. Only the typical results are shown; the . 700-C

total number of wafers grown were more than -1.949 eV

those listed. The A1GaAs layers grown at 700'C z E

were reproducibly n-type. and the layers grown Z C ID.A) 2'5 2 meV I

between 500 and 680'C were always p-type. In W -1 I
n-type samples (N444), electron density and mo- Z /

bilitv measured in the dark were 5 x 1014 cm - 3  7 I7meV

and 2340 cmV-1 s-1 at 300 K and 5 102 cm 3  w 580C X0-- / dO/

and 8725 cm- V -' s -' at 77 K. To the best of our 1 \ (e.A). C (D.A)

knowledge, these are the best values ever reported. o

The sample was conductive up to 30 K and ex- 0 /
hibited no persistent photoconductivity. Interest- _-
ingly. in p-type samples, NA - ND was ! 5 x 102 meV

-- 

28meV

cm if grown at 580'C and > 4 x 1015 cm - 3 if 620*C 060

grown between 600 and 680'C irrespective of the L 1 981 ev

surface morphology. Reduced hole mobility for Ti BE

between 630 and 680'C suggests a high level of BE

impurity compensation, thus background impurity 1.90 1.92 1.94 196 1 98 2.00

or stoichiometric defects density may even be ENERGY (eV)

higher than shown. These doping levels are signifi- Fig. 2. 1.5 K PL spectra of samples N444. N452 and N454

cantly larger than the typical background doping grown at 700. 580 and 620'C respectively.

(6N - N,) of < 1014 cm -3 measured in undoped
GaAs grown using the same Ga and As sources. respectively. are shown in fig. 2 from which several
High hole mobility of 725 cm2 V s ' at 300 K interesting observations can be made. Consistent
(N459) in undoped and high electron mobility of with the earlier reported results [5]. N444 (x =
64000 cm2 V- 1 s- 1 at 77 K in Si-doped (n = I x 0.33) grown at 700'C has the best PL spectra. It
1015 cm 1) GaAs (N439) (table 1) indicate very has a very sharp and intense shallow impurity
low level of impurity compensation in GaAs. bound exciton peak at 1.934 eV with full-width at

The level of background impurities, N, - N,). half-maximum (FWHM) of 3 meV, and a donor
was either similar or lower within an order of or defect bound exciton peak at 1.9205 eV, and it
magnitude, but never higher, in AIGaAs grown on shows little deep acceptor related emission. This
misoriented substrates compared to those grown agrees with the Hall measurement data which
simultaneously on exact (100) surfaces. The dif- show the sample to be n-type. It is not clear
ference was larger in samples grown in less than whether the peak at 1.9205 eV is related to a
the optimum conditions. defect or donor. If it is related to the donor, its

depth of 13.5 meV agrees well with the earlier
3.3. Photoluminescence results of Chand and coworkers [15]. These authors

observed a shallow donor, in addition to the deep
The 1.5 K PL spectra of three samples, N444, donor. with an activation energy of 13 meV in

N452 and N454, grown at 700, 580 and 620°C, Si-doped Al, 12Ga 068 As by Hall measurements.



24 N. Chand et al. / Variation of background impurities in A IGa, - As with growth temperature

The bound exciton peak at 1.949 eV in sample diameter in all three cases was 250 tm. Voltages
N452 grown at 580'C is an order of magnitude are measured with respect to the substrate. The
less intense as compared to N444 and has an AlGaAs in these devices is expected to behave as
increased FWHM of 7.0 meV. In addition, in this an insulating barrier and the current should flow
sample, carbon acceptor related emission is more by thermionic emission over the AIGaAs barrier.
intense than the BE emission. This indicates the Thus, the goal here is to examine the current
presence of a high level of carbon, consistent with blocking capability of the AIGaAs. These devices
the Hall measurement data which shows the sam- have both normal and inverted AlGaAs/GaAs
pie to be p-type. heterointerfaces which dominate the current con-

Surprisingly. sample N454 grown at 620'C, duction process for positive and negative voltages,
which had a smooth surface, has much weaker respectively. In most conditions, the leakage cur-
photoluminescence than samples N444 and N452. rents are smaller for positive voltages indicating
The spectrum is dominated by very weak C-re- the superior quality of the normal AlGaAs/GaAs
lated emission. This result is contrary to the earlier heterointerfaces as compared to the inverted het-
published results which indicate an improvement erointerfaces.
in optical properties of AIGaAs with increasing Consistent with the Hall and PL measurements,
growth temperature. We expected N454 to be the 700'C AlGaAs devices have the best and
optically brighter than N452 but the reverse is 620'C AIGaAs devices have the worst I- V char-
observed. This behavior was reproducibly ob- acteristics both at 300 and at 100 K. At 300 K. the
served in several other samples grown at 580 and latter devices are short circuited indicating that
620'C. The AIGaAs samples in table 1 grown the A10 ,Ga 0.7 As grown at 620'C contains a large
between 630 and 690 °'C. which had hazv surfaces, density of defects and/or impurities. Leakage cur-
had very broad and weak photoluminescence. rent in 700 C AIGaAs devices is one to several

orders of magnitude smaller than in the devices3.4. I- V characteristics of SIS structures
grown at the two lower temperatures. The some-

The I- V characteristics of three SIS structures what higher AlAs content in this device, due to
discussed in section 2 in which undoped growth of AIGaAs at 7000C as discussed earlier,
Al0 Ga0,7 As layers were grown at 580, 620 and does not explain the observed smaller leakage
700'C are shown in fig. 3 at 3300 and 100 K for current. An AlAs content of 0.35 instead of 0.3
voltages applied in both directions. The device can only decrease the leakage current by one order

of magnitude at 100 K. Furthermore. the current
10 3 2 A0 3Ga0 A ,MGaAs HE TEROSTRUCTURE in 700' C AIGaAs device exhibits strong tempera-
10 4t ,. o00K *, , , . ture dependence, whereas in the other two devices

, , ,the currents exhibit lack of temperature depen-
- 5 ....... dence. which is the characteristic of tunneling.

This suggests that the current in 620 °C AIGaAs
devices is largely due to defects or impurity as-

10:i sisted tunneling, and the AIGaAs offers no barrier

'i to the flow of electrons especially at 300 K. In
1o rEMPERATURE 700 °C AIGaAs devices, the current is largely due

! -- 700 'C

620'C to thermionic emission over the AlGaAs barrier
10 9 ---- 80c and thus the AIGaAs is presumed free from im-

1101 ,purities and defects. The case of 580 0C AIGaAs
.24 6 8 0 08 6 24 falls between these two categories at 300 K and

VOLTAGE (V) for low voltages at 77 K. However, there is not
Fig. 3. I-V characteristics of 250 jum diameter three n much difference between 580C and 620C
GaAs/u-AIGaAs/n *-GaAs diodes measured at 300 and 100

K. The devices differed in the growth temperature of undoped AIGaAs devices at 77 K for larger voltages when
AIGaAs which was 700. 620 and 580*C. the AIGaAs barrier becomes ineffective. Notice
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Properties and applications of AlxGa 1 xAs (0 < x < 1) grown
at low temperatures

TY. Chu. A. Dodabalapur *. A. Srinivasan. D.P. Neikirk and B.G. Streetman

Microelectronics Research Center, Department of Electrical and Computer Engineering, The University of Texas at Austin.
Austin. Texas 78712-1084, USA

We have used low temperature MBE growth to obtain highly resistive GaAs and AIGaAs layers with potential applications in a
variety of devices. Using MIS structures, we have examined the resistivity of AIGaAs for various aluminum mole fractions and
growth temperatures. A GaAs resistor structure was grown at 300'C and a resistivity of 5 x 10' 12 cm is measured. This agrees well
with the resistivity of 3 X 105 12 cm measured using an MIS structure. Furthermore. we have grown a HEMT structure with high
mobility IA = 156.000 cm: V

-
1 s at 77 K) and electron sheet density (n, = 6.0 x 1011 cm -2 at 77 K) on a highly resistive

low-temperature grown (LTG) Al,),Ga(,,As/GaAs superlattice buffer. To test the LTG AIGaAs as a possible dielectric for
microwave applications, a coplanar waveguide (CPW) was fabricated on a 0.75 pm epitaxial Aio,,Ga,)7 As layer grown at 270°C.
There was virtually no difference in the measured S-parameters for the coplanar waveguide (CPW) fabricated on the 0.75 Pm
epitaxial Al$ ,Ga 0 ,As layer and the CPW made directly on a semi-insulating GaAs wafer.

1. Introduction layer. The low temperature growth (200 to 300 C)
been considerable interest in the of AIGaAs using molecular beam epitaxy (MBE)
Ther hasresults in layers which are more resistive than

low-temperature growth of GaAs as a buffer layer. respodin layers 5. Astwithan

Using Ga and As, fluxes at 150 to 300' C to grow corresponding GaAs layers [51. As with LTG
aUrtsiv GandAs uffue t has5ben hown tht g e GaAs, we find that an in situ arsenic anneal servesa resistive G aA s buffer it has been sho w n that the to i c e s th r s siv y of he L G A a si- to increase the resistivity of the LTG AIGaAs
output resistance and breakdown voltages im- layers.
prove for MESFETs fabricated on the low tem- In this study, we examined the resistivity of
perature GaAs buffer 11. The GaAs buffer layer is AIGaAs grown at low temperatures as a function
effective since it is crystalline, highly resistive, and of growth temperature and aluminum mole frac-
has a high breakdown electric field. This low-tem- tion. Resistivity serves as a useful monitor of the
perature grown (LTG) GaAs MESFET buffer LTG material as well as determining the amount
technology has been used to fabricate GaAs SCFL of verial a s uch a laerinn the Wefreqenc divder wih a axium lockrat of of vertical isolation such a layer can provide. Wel-frequency dividers with a m axim um clock rate of h v l ob ita H M t u t r n L G m t rainhave also built a HEMT structure on LTG material
22 GHz [2]. Recently. there has been interest in and have tested LTG AGaAs as a possible dielec
explaining the material aspects of the LTG GaAs tric for microwave applications. We have used a

Inyers adt toll cont g tVarian Gen 11 MBE system to grow GaAs and
In addition to continuing the work on the AIGaAs layers from 200 to 300'C. All samples

growth of LTG GaAs, we have also begun grow- were grown using dimeric arsenic under arsenic-
ing and using LTG AIGaAs as a semi-insulating rich conditions. The dimeric arsenic is generated

* Current address: AT&T Bell Laboratories. Holmdel. New by a refractory arsenic cracking source developed
Jersey 07733. USA. in our laboratory and discussed elsewhere [6].

0022-0248/91/S03.50 1c) 1991 - Elsevier Science Publishers B.V. (North-Holland)
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2. Results and discussion 101

A standard technique for measuring resistivity 10"

of a semiconductor sample involves making four- E
point probe measurements on Van der Pauw
structures. Such measurements of an LTG Al- 10

GaAs layer grown on a semi-insulating (SI) sub-
strate are complicated by parallel conduction in . 101
the SI substrate. Parallel conduction occurs be-
cause the LTG AlGaAs can have a resistivity Ce
comparable to or much higher than the underlying 10
SI substrate.

To examine, these highly resistive layers, MIS o _ _, _......

structures were grown. The V/Ill flux rate and 0 0.2 0.4 06 0.5
growth rate calibrations were done on a calibra- Al Mole Fraction
tion sample at 6000 C prior to the actual growth Fig. 1. Resistivity of AIGaAs grown at 270' C and 1 /sm/h. as

of the LTG AIGaAs. The MIS structure consists a function of Al mole fraction.

of 1.0 pm of silicon-doped GaAs (5 x 1015 cm -)
grown on an n '-GaAs substrate, followed by 2000
A of LTG AIGaAs. In addition, for MIS struc- MIS structure employing a LTG GaAs layer grown
tures with an LTG AIGaAs layer having mole under the same growth conditions.
fractions above 0.3, a 120 A undoped GaAs cap To investigate the resistivity of LTG AlGa, _,
layer is grown at 600 °C on the LTG AIGaAs. The As as a function of aluminum mole fraction, MIS
cap layer is important to prevent the formation of structures were grown at 300 ° C and a growth rate
oxides at the surface after removal of the sample of I jim/h with x = 0, 0.3, 0.5. and 1.0. The
from the MBE system. A contact consisting of resistivity for each of the layers was extracted
2000 A aluminum is made to the LTG AIGaAs from room temperature I-V curves under dark
layer, conditions using an HP 4145B Parameter

The I- V curves from an MIS structure consist Analyzer. From fig. I it is seen that the resistivity
of two regions: an exponential region and a linear increases rapidly from that of GaAs to the higher
region. The inverse of the slope measured in the value of AIGaAs and remains nearly constant for
linear region was taken to be the resistance of the the larger mole fractions.
LTG AIGaAs. from which we computed the resis- To investigate resistivity as a function of growth
tivity of the material, temperature, Alu Ga,. 7As and GaAs MIS struc-

To verify the resistivity extracted from the MIS tures were grown at 210. 240. 270. and 300'C. As
structure, we used a resistor structure as well. The shown in fig. 2, the resistivity of both the GaAs
resistor structure was grown on an n* (100) GaAs and the Al,).,Ga,, 7As is nearly constant for the
substrate and consisted of the following layer se- low temperature range of 210 to 300*C, and in
quence: 2000 A of silicon-doped GaAs (5 X 1018 each case, is much higher than the material grown
cm 1) grown at 600°C followed by 1 tm of at 600 0 C.
GaAs grown at 3000 C, and capped by 2000 A of To explore the potential of LTG AIGaAs in
silicon-doped GaAs (5 X l0l cm - 3) grown at device structures we have studied highly resistive
600°C. An ohmic contact consisting of 50 A of LTG Al0 .3Ga.As/GaAs superlattice (SL) buffers
nickel. 1000 A of Au/Ge, and capped by 150 A of and the incorporation of the LTG AIGaAs as a
nickel, annealed at 450°C, was made to the resis- dielectric in coplanar waveguides.
tor structure. A resistivity of 5 x 10' 2 cm meas- The properties of A1,, 3Gao.7As/GaAs super-
ured using this resistor structure agrees well with lattices grown at low temperatures (270°C) were
the resistivity of 3 x 10' 12 cm extracted from an studied to evaluate their performance as highly
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t0o" LTG buffer provides a good index i& interface

t I AIGaAs and crystalline quality.
10 . l In our test structure, the 4.2 K PL spectrum

from the AI 3Ga 0.7As/GaAs SL has a relatively

t o small linewidth of 1.3 meV, which implies good
I IT~ quality interfaces [7]. Spectral evidence suggests

10 ,  that this luminescence is excitonic in origin. The
11- 77 K Hall mobility of 156,000 cm 2 V s-' and

." I0. sheet concentration of 6.0 X 101 cm-2 of the
HEMT structure are also indicative of high qual-
ity material. HEMT structures grown under simi-I lar conditions in our MBE system, but without the

10,. low temperature grown SL buffer, have similar

2(X) 300 40X 50M ((IM mobilities.
Examining another possible application of LTG

Growth Temperature(°C) AIGaAs, coplanar waveguides (CPWs) were

Fig. 2. Resistivity of Al 0 3Ga,7As and GaAs grown with I fabricated consisting of a center metal strip with a
Fim, h and growth temperatures ranging from 210 to 600 0

C. metal ground plane on either side. The center strip

and the ground planes are generally placed on a
dielectric slab to make a CPW. Our coplanar

resistive buffer layers. We studied the sheet resis-
tance of a 10 X (100 A Al Ga,,7 As. 100 A GaAs)
SL grown at 270'C over a I jum undoped GaAs 200 , Tg = 650*C, n+ GaAs ca
buffer grown on a semi-insulating GaAs substrate. 3 L +
After evaporating a 660 jtm diameter aluminum 200 C Tg =650

0C, AIGaAs

contact, a sheet resistance of I x 1012 2/0 was
measured. Such highly resistive layers can provide 1000 A, Tg = 6500C, GaAs 2-DE
excellent vertical isolation to supress backgating in
field-effect transistors and also may find applica-
tions in providing isolation between levels in 1000 A, Tg = 6500C,

optoelectronic integrated circuits. superlattice

Next we grew a HEMT structure on an LTG 1000 ATg =650C, GaAs
AIGaAs/GaAs SL. as shown in fig. 3. A 5 x (100
A Al,)Ga,)As, 100 A GaAs) SL was grown at
2700 C over a 1 u m undoped GaAs buffer grown 100 , Tg=270"C,
on a semi-insulating GaAs substrate. This was superlattice

followed by a 5 x (100 A Al,3Ga 7As, 100 A
GaAs) superlattice grown at 6500 C, followed by a 1.0 Im. Tg = 600 0C, GaAs
high electron mobility transistor (HEMT) struc-, . ,.

ture. also grown at 650 0 C. The HEMT structure V ... VSI GaAs substrate
consists of a 1000 A undoped GaAs buffer, a 200 M '
A undoped Al ,Ga0 7As spacer. a 300 A n '-Al,., Fig. 3. Schematic diagram of a HEMT structure grown on an

Ga0 7As layer, and a 200 A GaAs cap layer. This LTG superlattice 5x(100 A Alt ,Ga(, 7 As, 100 A GaAs) and a
test structure is very useful in evaluating material superlattice 5x(100 A AI(,3Ga 4 7As, 100 A GaAs) grown
quality, because of the sensitivity of the HEMT to at 6500C. The HEMT structure has a measured 77 K mo-deflitbecta e of te 2t o hility of 156.000 cm, V 1 s 1 at a 2DEG concentration of
defects and impurities in the 2DEG region. The 6.0x l0 cm '. From 4 K PL, the measured FWHM linewidth
low temperature photoluminescence (PL) line- was 1.3 meV from the Al0 ,Ga , 7As (100 A) superlattice
width of the SL grown at 6500C on top of the grown at 650*C.

JL
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waveguide structure consists of 0.75 um of LTG to SI GaAs. The present evidence indicates that
Al0 .3Ga 0.7As grown (at 2700C) on a SI GaAs LIG GaAs and AIGaAs have useful propertiez,
substrate. A contact consisting of 200 A Cr, 1.2 and we expect interesting device applications will
,tm Ag, and 500 A Au is made to the Al 0.3Ga 0.TAs be found for these materials.
epitaxial layer. Using an HP 8510 Network
Analyzer, microwave test frequencies up to 30
GHz revealed no difference in the measured S- Acknowledgements
parameters for the CPW employing the LTG
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Low-temperature growth of GaAs and AlGaAs by MBE and effects
of post-growth thermal annealing

J.N. Miller and T.S. Low
Hewlett-Packard Laboratories, 3500 Deer Creek Road, Palo Alto, California 94304, USA

GaAs and Al,) .Ga,, 7As films were grown by molecular beam epitaxy (MBE) using substrate temperatures between 350 and
620'C. These samples were produced under otherwise identical conditions using either elemental As (tetrameric As) or GaAs
(dimeric As) as the arsenic source, and using fixed fluxes of either Si or Sn. corresponding to an atomic dopant concentration of
approximately 3 x 10"5 cm 3. The samples were characterized by Hall effect measurements at 300 and 77 K. and by photolumines-
cence measurements at 300 K. In the as-grown samples, the free carrier concentration. n, the Hall mobility, p., and the luminescence
intensity all decrease as the substrate temperature decreases below 450*C The lower values of n. g. and luminescence intensity can.
however. be improved by thermally annealing the films at 850'C for between 5 and 30 s. After the anneal, values of n, p. and
photoluminescence intensity are comparable to those observed in unannealed films grown at 620°C. For a given growth temperature.
the measured electrical and optical properties and the annealing behavior of these samples are very similar, whether Si or Sn is used
as the dopant, and whether a tetrameric or dimeric As source is used.

I. Introduction should lead to superior microwave performance of
modulation doped FETs (MODFETs) compared

The effect of growth temperature on the quality to similar structures doped with Si. However, Sn
of epitaxial layers has been of fundamental inter- as a dopant in MODFET layers. which require
est since the early application of molecular beam precision 20 A spacer layers, is highly problematic.
epitaxy (MBE). In some early studies, Cho de- Sn segregates at the GaAs surface and incorpo-
termined the temperature limits for epitaxial rates in the growing layer in proportion to its
growth and in situ annealing [1]. Later, Metze et surface concentration at conventional growth tem-
al. contrasted the role of surface dynamic processes peratures [5]. The characteristic incorporation dis-
with that of atomic arrival rates on the electrical tance required to reach steady state Sn doping is
quality of GaAs films [2]. Recently. GaAs layers of the order of I jam at a substrate temperature of
grown at low temperatures have generated a great 620'C. It was clear that a new approach was
deal of interest because field effect transistors necessary if Sn doping was to be successful in
(FETs) have shown reduced sidegating when devices requiring abrupt doping profiles.
placed atop these layers [3]. The motivation for this work evolved into find-

The original motivation for this work was to ing a way to produce abrupt Sn doping profiles. It
produce modulation-doped Al 0 3Ga) 7As/GaAs has been demonstrated that by decreasing the
heterostructures doped with Sn by MBE. Sn is a growth temperature, the incorporation rates for Sn
shallower impurity level in AIGaAs [4] than the and Te in GaAs can be increased such that the
more commonly used Si. and Sn affords substan- dopants are trapped in the subsequent atomic
tially higher maximum free electron concentra- layers [6]. Our hypothesis is that, at sufficiently
tions in GaAs than Si (Si - 7 x 10'8 cm versus low growth temperatures. Sn would incorporate
Sn - 2 x 1019 cm 3). Because of these properties, into the lattice with characteristic distances of a
Sn modulation doped structures achieve higher few monolayers, similar to distances for Si in
two-dimensional sheet carrier concentrations, and GaAs. At these low temperatures, the as-grown
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GaAs: Sn and Al0.3Ga 0,7 As: Sn would be of elec- doped Al 0 3Ga 0o.As layer. The Al0 .3Ga 0 .As
trically and optically poor quality, but after an- growth rate was 1.43 pm/h. A 4.5 min Sn prede-
nealing, as in ion implanted material, the electrical position [9] was determined by secondary ion mass
properties would become comparable to material spectrometry to be necessary for a flat Sn profile
grown at conventional temperatures. The studies for layers grown at 620'C, predepositions were
described below demonstrate the feasibility of this not used for the other growths. The flux of Sn and
growth and annealing technique for Sn doping. Si was held constant by maintaining the same
Similar experiments with GaAs: Si and Al 0 3  source temperatures for all experiments, resulting
Gao 7As : Si grown at low temperatures were used in GaAs free electrons of 2.5 x 1018 and 3.4 x 1018
to compare and contrast the Sn doping results. cm - 3, respectively.
Moreover, as a result of these experiments we The reflection high energy electron diffraction
were able to gain insight into the mechanisms (RHEED) patterns showed the standard (2 x 4)
which result in the reduced carrier concentrations pattern at 620'C and an apparent c(2 x 2) or
at low growth temperatures. (1 X 1) pattern during growth below 400'C. Two-

fold and four-fold reconstructions persisted to low
temperatures, but at the onset of growth these

2. Experiments fractional order spots weakened. Newstead et al.
[101 report mixed (2 x 4) and c(4 x 4) for GaAs

The MBE growth of GaAs and Al0 Ga, 37As grown in this temperature region, Neave et al. [111
was carried out in a Varian GEN II with a mod- also observed similar patterns with a low growth
ified substrate holder [7]. All layers were grown on temperature. The crystal structure of the low tem-
semi-insulating (100) GaAs wafers which were perature GaAs was also probed with X-ray dif-
chemically prepared by a procedure described fractometer measurements. The Al Ka (004) rock-
elsewhere (8]. The wafers were heated to 640'C in ing curve halfwidth of a GaAs film grown at
an As beam to desorb the surface oxide prior to 350'C was 23 arc sec and indistinguishable from a
growth. The substrate temperature was then de- similar film grown at 620'C.
creased to one of four selected temperatures prior Layers were produced with either tetrameric
to growth: 620'C, 450'C, 400'C, 350'C. At 620'C As4 or dimeric As, sources. As 4 was produced by
the substrate temperature was set with a calibrated sublimating elemental As. The As, was produced
optical pyrometer, at the lower temperatures the by heating GaAs chunks in a 40 cm3 effusion cell:
temperatures were set using the substrate thermo- the GaAs chunks were formed by crushing a 60 g
couple. The substrate thermocouple temperature is piece of an undoped liquid-encapsulated Czo-
notoriously inaccurate [7] but the substrate tem- chralski-grown boule. The Ga flux from this GaAs
perature is reproducible ( ± 10'C. the temperature source was less than 6 x 1012 cm 2/s at the sub-
error was calculated from the variation of the strate surface. This low value of Ga flux corre-
heater power to achieve the same setpoint). The sponds to less than 1% of the flux from the Ga
As flux was maintained at approximately 30% cell, much less than expected theoretically [12],
above the flux necessary to achieve an As stable and is possibly due to a self "'scavenging" [13]
surface reconstruction and we observed only a effect of the large quantity of GaAs in the cell.
weak growth temperature dependence in the As After growth. the wafers were removed from
flux necessary to maintain these growth conditions the MBE system and quartered. The as-grown
in the temperature range considered [2]. quarter was characterized by Hall measurements,

The GaAs pecimen were 1 00 p&m thick and for free electron concentration and mobility, and
were grown at a rate of 1.00 jim/h. The room temperature photoluminescence (PL). The
Al0 1Gao1 As specimens were a three layer stack remaining quarters were subsequently annealed in
consisting of a 0.1 pim buffer layer of GaAs, a 0.5 a rapid thermal annealing process. The films were
1&m undoped Alo..Gao.,As to preclude formation uncapped and annealed at a temperature of 850'C
of a two-dimensional electron gas, and a 1.00 /im for 5 to 30 s in Ar. The annealed quarters were
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then characterized by Hall measurements and and was independent of the species of As. Over
room temperature PL. the same growth temperature range the Sn doped

films increased about 10%, the increase is pre-
sumably due to increased incorporation of the

3. Results surface Sn. The mobility drops from an average
value of 1900 to 1300 cm 2/V • s when the growth

3.1. As-grown material temperature drops from 620 to 450'C.
As the growth temperature is further decreased,

The GaAs free-electron concentration data are the free-electron concentration drops dramatically
plotted in fig. I as a function of growth tempera- over six orders of magnitude in the span of 100'C.
ture for films doped with Si or Sn. and grown with and n is relatively insensitive to the dopant or the
As, or As4. At the higher growth temperatures As species used. The mobility of these layers. both
between 620 and 450'C. the free-electron con- at room temperature and 77 K are tightly clus-
centration. n, decreased only about 20% when the tered. The room temperature mobility of the 400
temperature was decreased for the Si doped layers and 350'C material averaged 500 and 700 cm 2/V
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s. respectively, 77 K mobility of these same sam- AIGaAs grown with As4 and about four orders of
pies was less than 50 cm 2/V • s when reliable magnitude for the material grown with As,. There
measurements were made. was no difference between Si and Sn within the

In the case of Al0 .3Ga 0o.As, the same general experimental error. The average room temperature
trend is observed. Fig 2 shows the free-electron mobilities for the 620, 450, 400, and 350'C sam-
concentration data as a function of growth tem- pies were 650, 500, 300, and 1000 cm2/V s, re-
perature for films grown with Si or Sn and As2 or spectively. The large mobility for the sample grown
As 4. The free-electron concentration is about one at 350'C is likely an artifact due to a small
order of magnitude lower in the case of two-dimensional electron gas at the substrate in-
Al 0.3Ga0.7As due to the deeper donors [4] and, terface. The other three indicate a monotonic de-
again, as in the case of GaAs, the carrier con- crease in ju as the growth temperature decreases.
centration changes very little when the growth
temperature is reduced from 620'C to 450°C. 3.2. Annealed material
However. as the growth temperature is reduced to
400'C and 350'C the electron concentration de- The free-electron concentration. n. of the low
creases about six orders of magnitude for the temperature grown films tended to increase for
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anneals at 850'C and for times between 5 and 20 on the growth temperature, with better recovery
s, longer annealing times resulted in reduced val- observed for samples grown at higher temperature
ues of n. Since the anneals were performed without within the temperature range from 350 to 450'C.
a cap, some loss of As from the near surface The 450'C samples have recovered n completely
region was observed. The measured n after an within the measurement error. The 350°C speci-
850°C. anneal is plotted versus growth tempera- mens have, on the average, n values 1/3 of the
ture in figs. 3a and 3b for GaAs and Al0 .3Ga0As, 620'C values. A number of the samples recovered
respectively. The overall trend for the n in GaAs n completely with different duration anneals, so
and the Al 0 3Ga 0 7As samples are qualitatively the that with optimized annealing it would be possible
same. The annealed samples tend to have free-car- to obtain complete recovery of n within the mea-
ier concentrations similar to those of samples surement error. The average mobility of the pulse
grown at 620'C. The degree of recovery depends annealed samples was nearly independent of
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dopant species, As species, and growth tempera- than the values measured for the 620'C films).
ture. After pulse-annealing, the PL intensity of speci-

Hall effect transport measurements predomi- mens grown at 620'C drops to 1/10 of their
nantly reflect majority carrier properties of these as-grown value. This is indicative of the damage
films. The annealed films could possess a signifi- our pulse-annealing process does to the near
cant number of deep donors and acceptors which surface region due in part to a loss of As, as
would have only a minor effect on the electrical mentioned previously. The PL intensity of the
transport data. So we chose to measure the room pulse-annealed specimens grown at the other tem-
temperature photoluminescence (PL) intensity in peratures were comparable to the 620'C films.
order to gain insight into the minority carrier Because of the surface damage from the pulse
properties of these films, annealing, a number of specimens were annealed

The PL intensity versus growth temperature in AsH 3 at 700'C for 15 min in order to minimize
was measured for Al 0.3Gao, As and GaAs. Photo- As loss during this processing. The PL intensities
luminescence was not detected in the films grown of these Alo.3Gao.As samples, shown in fig. 4
at 350 and 400*C (the detection limit is approxi- were comparable to similar unannealed specimens
mately two and a half orders of magnitude lower grown at 6200 C. This indicates that both the
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Fig. 4. The photoluminescence intensity of Al, 3Ga, -As as a function of the growth temperature after annealing at 700°C in arsine.
The symbols represent material produced using the following vapor species: (0) As,: (,n) As4.

majority carrier properties and the minority car- atoms must migrate to the proper substitutional
ner properties of these materials can be made site. Columns IV donors such as Sn and Si nor-
comparable to material produced at 620'C. mally reside on a Ga site. However. if they incor-

porate on an As site or other sites, they may form
acceptors [141 which would result in highly com-

4. Discussion pensated material.
Another potential defect generating mechanism

The current view of the crystal growth process particular to the MBE crystal growth involves the
requires that atoms land on the surface and migrate As species. It has been demonstrated that MBE
to an atomic step or kink where they are incorpo- GaAs grows via a reaction between As dimers and
rated into the crystal. The atoms are unable to Ga surface atoms [15]. Elemental As sublimes as
migrate to one of these propagating steps if the As tetramers which are thought to fission, via a
surface temperature is too low or the growth rate reaction with Ga atoms, into incorporated As
is too high. Because of insufficient thermal energy atoms and a tetramer ejected from the surface
or time, fewr atoms reach equilibrium sites before [15]. At lower temperatures the surfacc energies
growth of the next atomic layer and, as a result, might be insufficient to break the tetramers and
many more point defects are incorported into the thus they might incorporate as electrically active
crystal. These point defects may produce elec- point defects.
tronic states near the middle of the gap. Thus, as As we have noted, the reduced free carrier
the growth temperature decreases the density of concentrations depend only weakly, if at all, on
traps would be expected to increase and com- the As species used. And, the annealing behavior
pensate the donors, of these samples is independent of the As species

Autocompensation mechanisms may also play used. From these data, it is clear that the primary
a role in producing the low n values. The dopant electronic defect responsible for the drop in car-
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rier concentration is not caused by the As tetra- decrease dramatically when the substrate tempera-
mers [11]. The reduced values of n are also inde- turt;. are below 450'C. This decrease in n is
pendent of the dlopant species, Sn or Si. If the Sn primarily, due to an increase in the concentration
and Si atoms were responsible for the compensat- of compensating traps as the growth temperature
ing centers. the mobility of the autocompensating decreases and not to an autocompensation mecha-
material would stay almost constant as n drops nism for the dopants. A subsequent 5 to 30 s
because (N[; + N,~ ) would be fixed. this is not the thermal anneal at 850'C of films grown between
case. A significant reduction in mobility is even 350 and 4500' C results in measured values of n. ti.
measured at growth temperatures above those and luminescence intensity that are comparable to
wAhere n drops. Also, a temperature dependent those of similar unannealed samples grown at
autocompensation mechanism, where dopant 620'C. For a given growth temperature. the inea-
atomns site-switch, depends on a difference be- sured electrical and optical properties and the
tween the surface kinetics and thermodyniamics annealing behavior of these samples are verN simi-
for the dopant atoms. Kiinzel et al. 116I. for exam- lar. regardless of whether Si or Sn is used as the
plc. found that autocompensation of Ge was highly dlopant. and regardless of whether a tetrameric or
dependent on the As species and the growth tem- dimeric As source is used. The small free carrier

peatr i herng ro 50to60 0 .Iii concentrations in the samples are probably not
unlikel\ that this mechanism for n reduction would caused by compensating centers that result from
take place at the samc temperature for Si and Sn incomplete dissociation of As4, at the growth
civ.en their astly different surface incorporation surface, since samples grown with dimeric and
rates, at 620'C ho\.kever we cannot comipletelY rule tetrameric As behave in a similar manner.
out that part of the compensation is due to this
mechanism.

Based on the foregoing. we suggest two trap Ackno~~iedgrnents
generating mechanisms, 'b'hich are consistent with
our data. First, thle low. (a atom surface mnobilit\ We A~ould like to acknowledge Ni. Pustorino.
at low. temperature mnay play a significant role in MI. Kanemiira. R. LaCoste, and A. Fischer-Col-
the electrical traps responsible for the draunati- brie for technical support. and Ron %loon and
call\ reduced , Though there is minor difference Rolf Jaeger for critical reading of the manuscript.
hetxeen the material grown xith As, and As,. it
is possible that breaking the final As, bond be-
comes thle rate limiting stpat low temperatures References
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GaAs buffer layers grown at low substrate temperatures using As 2
and the formation of arsenic precipitates

M.R. Melloch
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K. Mahalingam, N. Otsuka
Materials Engineering. Purdue University, West Lafayette, Indiana 47907, USA

J.M. Woodall and A.C. Warren
IBM Research Division, P.O. Box 218, Yorktown Heights, New York 10598, USA

We have grown GaAs layers by molecular beam epitaxy at low substrate temperatures (250 C) using the dimer arsenic source
As 2 . Following a one hour anneal at 600 *C, the GaAs layers were examined with transmission electron microscopy. The GaAs layers
contained arsenic precipitates of average diameter 100 A and density of 1017 cm 3.

GaAs buffer layers grown by molecular beam receiver, we have been able to generate and detect
epitaxy (MBE) at low substrate temperatures (LT- electrical pulses with full width at half maximum
BLs) have been attracting attention because they of 0.71 ps [8]. In this paper we describe the growth
can be used to eliminate sidegating in field effect of LTBLs using the dimer arsenic source, present
transistors (FETs) 11-3]. In addition, the layers transmission electron microscopy (TEM) analysis
which are grown at normal substrate temperatures of these LTBLs, and compare LTBLs grown with
on top of LTBLs exhibit extremely high electrical As 2, and As 4.
quality 14]. By growing at low substrate tempera- The films used in this work were grown in a
tures, excess arsenic is incorporated into these Varian GEN II MBE system on 2-inch diameter
buffer layers [5]. Raising the substrate temperature undoped semi-insulating liquid-encapsulated
back to normal growth temperatures results in the Czochralski (100) GaAs substrates. The substrates
excess arsenic forming precipitates [6]. These ar- were degreased, etched in a 60'C solution of
senic precipitates then act as buried "Schottky 5 : 11 of H 2SO: H 202: H20 for I min and placed
barriers" whose overlapping depletion regions re- in non-bonded substrate mounts. The substrates
nder the material semi-insulating [7]. What is truly were outgassed for 2 h at 200'C in the entry
remarkable is that the GaAs material between the chamber of the MBE, moved to the buffer cham-
Schottky barriers exhibits mobility indicative of ber where they were outgassed for 1 h at 300 * C.
"normal" GaAs [8]. This combination of buried and then loaded into the growth chamber. In the
Schottky barriers in high quality GaAs makes growth chamber, each sample was heated to 615 0 C
LTBLs an excellent material for optoelectronic for 2 rain (the surface oxides desorbed at 580°C)
applications [8,9]. Previously, all LTBLs have been and then lowered to the initial growth temperature
grown using the tetramer arsenic source As4 . Using of 6000 C.
an LTBL grown with the dimer arsenic source As 2  The growth rate for all layers was I pm/h. For
as the photoconductive material in a broad-band samples grown with As2 the group V to group Ill

0022-0248/91/$03.50 , 1991 - Elsevier Science Publishers B.V. (North-Holland)
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beam equivalent pressure was 22. For samples a IN .PO."W
grown with As4 the group V to group III, beam
equivalent pressures were 16. Initially, 0.75 jAm of
undoped GaAs was grown. Then the substrate
temperature was lowered from an actual tempera-
ture of 6000C to a thermal couple reading of .
250 *C during the growth of the next 0.25 jim of
GaAs. (At the actual temperature of 600'C, the
thermocouple reads in the neighborhood of
700 * C.) After reaching a thermocouple reading of
250°C. I Am of undoped GaAs was grown. The 500
substrate temperature was then ramped back to
6000 C during the growth of the next 500 A of
GaAs. After attaining the normal growth tempera-
ture of 6000C. an additional 100 A of undoped
GaAs was grown. This was followed by an in-situ
anneal in the As, or As, flux for 1 h at 600'C.
The substrate was rotated at 5 rpm during the
growth of all layers and during the one hour
600'C anneal.

The TEM examination of LTBLs grown with
As, and As4 was performed by using a JEM 2000
EX electron microscope. For the examination,
[0111 cross-sectional samples were prepared by the 500/A
ion thinning technique. TEM images of both LT-
BLs have shown the existence of a large number Fig. 1. Bright field images of cross-sectional samples of the

of As precipitates. the appearance of which is LTBLs grown with (a) As, and (b) As 4.
similar to that observed in our earlier study [6].
Figs. la and lb are bright field images taken from
LTBLs grown with As, and As 4, respectively. The difference in sizes of As precipitates. All observed
two images were taken under identical conditions: precipitates in the LTBL grown with As 4 appear
cross-sectional samples were tilted from the [011] as nearly spherical particles. However the
axis by a few degrees to excite only one of the boundaries between the As precipitates and the
(111) type reflections. This condition gives rise to GaAs for many of the large precipitates in the
broad dark and bright bands of thickness contours LTBL grown with As, exhibited flat sections, sug-
in the images. which were used for the estimation gesting the formation of low energy boundaries
of thicknesses of the observed areas. The small along certain crystallographic planes. Fig. 2 is a
spacing of thickness contours in fig. lb is caused high magnification bright field image showing such
by a large change of the thickness across the precipitates in the LTBL grown with As. In the
observed area of the sample. In the images, As image in fig. 2, many of the precipitates exhibit
precipitates appear with either dark or bright con- moire fringes.
trasts. depending on their locations with respect to Densities of the As precipitates were estimated
those of the thickness contours. As seen in the two from the bright field images. The thicknesses of
images, the sizes of the As precipitates are dis- the estimated areas were determined by using the
tinctly different between the two LTBLs; the aver- extinction distance of 370 A in GaAs for the (Ill)
age diameter of the precipitates in fig. Ia is 100 A, reflection of 200 kV electrons. Estimated densities
while that in fg. lb is 50 A. Observations of other are on the order of 1017 cm- 3 for both LTBLs. No
parts of the two LTBLs also showed this same significant difference in the density of precipitates
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GaAs matrix in these LTBLs [8]. In order to
-confirm these explanations, however, one needs to

carry out further systematic study on .the precipi-
tation process of As in LTBLs.

In summary, we report the growth of GaAs
LTBLs by MBE using the dimer arsenic source
As2 . We have observed the formation of arsenic
precipitates in these LTBLs. TEM analysis of the
LTBLs indicates an average As precipitate diame-

o Ater of 100 A and a density in the range of 1017

cm-3 for the growth conditions used (beam equiv-

Fig. 2. High magnification bright field image of As precipitates alent pressure of As 2 to Ga of 22, a substrate
in the LTBL grown with As 2. temperature thermocouple reading of 250 ° C. and

followed by a one hour anneal at a temperature of
600'C in the As 2 flux). We have also found that

was observed between the two samples, although the incorporation of As in LTBLs is much more
the estimated density for the LTBL grown with efficient when As 2 is used rather than As4 during
As4 appears to be slightly greater than that for the molecular beam epitaxy.
other LTBL. Since arsenic precipitates play a key
role in the electrical properties of LTBLs [7],
LTBLs grown with As 2 and As4 should exhibit The work at Purdue University was partially
similar electrical characteristics due to the similar funded by the Office of Naval Research under
densities of arsenic precipitates. Recently, similar grant No. N00014-89-J-1864. M.R. Meloch wouldgrownusing like to thank Dr. George N. Maracas of Arizona
electrical properties for GaAs LTBLs gState University for preprints of LTBL work per-
dimer and tetramer arsenic sources have been
observed [10,111. formed at ASU.
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MBE GaAs buffer layers grown at low substrate temperatures (200-300 C) have been shown to significantly reduce backgating

and sidegating in GaAs integrated circuits. The isolation provided by these buffers is attributed to a high level of compensating traps

in the layers induced by excess arsenic and arsenic antisite defects. Structures were grown by both gas source and solid source MBE
in a VG Semicon V80H dual chamber system. The structures allow us to study characteristics of the LTB itself as well as the quality

of active layers grown upon these buffer layers. The insulating characteristics of the gas and solid source LTBs are comparable.

However, in contrast to control layers grown on semi-insulating GaAs, we observe considerably higher trap concentrations in FET

active layers grown on LTBs. Deep level transient spectroscopy (DLTS) measurements show several resolvable electron and hole

traps, plus a band of shallow hole traps. Due to the differences in growth kinetics for gas and solid source growth such a close

similarity was not expected. The resistivity of the LTBs and the traps incorporated into the active layers appear to be similar for solid

source (As 4 ) and gas source (As 2 ) growth. Furthermore, the characteristics of proximity annealed layers continue to change for

varied length low temperature anneals. This indicates that the excess arsenic continues to diffuse into the active device layers

degrading device stability.

1. Introduction the effectiveness of LTBs for device applications.
Lin et al. [2] have reported reductions in backgat-

Recently, Smith et al. [1] have demonstrated a ing and sidegating in HEMTs grown on LTBs.
dramatic backgating and sidegating reduction in However, they also reported transient behavior
GaAs MESFETs by employing a buffer grown at which they attribute to gallium vacancies which
very low temperatures (200-300 * by MBE. The diffuse from the LTB into the top epitaxial layer.

large reduction in backgating and sidegating is In this paper we review the present understanding
primarily due to a large increase in the trap filled of LTBs, and then present our experimental re-
limited voltage (VTFL) for the low temperature sults on bulk properties of LTBs as well as layers
buffers (LTB), which results from a high con- grown upon LTBs. We then comment on gas and
centration of deep levels in this material. The solid source LTBs based upon the implications of
nature of low temperature buffers grown by solid our studies.
source MBE has been the subject of much re-
search, however, LTBs grown by gas source MBE
(GSMBE) have not been previously reported. Since 2. Background
the growth kinetics for GSMBE (As 2 ) are differ-
ent from conventional solid source MBE (As4 ), it Low temperature buffers may provide an effec-
is important to determine whether GSMBE LTBs tive way of increasing the isolation between de-

have properties similar to those grown by solid vices for MESFET or HEMT based integrated
source and if so, to determine an acceptable range circuits. As grown, these samples contain up to 1%
of growth parameters (substrate temperature, excess arsenic which forms ASGa antisites, As in-
As/Ga ratio). Furthermore, the stability and the terstitials and various complexes [3]. These "as-
quality of epitaxial layers grown upon LTBs must grown" layers exhibit large conductivities due to
be studied in order to more completely evaluate hopping between a large numbers of defect sites,

0022-0248/91/$03.50 1991 - Elsevier Science Publishers B.V. (North-Holland)
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with concentrations approaching 2 x 10' cm -. surements. Samples E. F and G were grown with a
Annealing "as-grown" layers approximately 10 n = I X 1017 cm -3 Si doped FET channel on top
min at 600'C converts them to highly insulating of the LTB, for evaluation of epitaxial layer qual-
material (108 12 cm). During the annealing pro- ity. Deep level transient spectroscopy (DLTS) and
cess. the excess As in the LTB material "self- photoluminescence (PL) measurements were per-
getters" and forms hexagonal arsenic precipitates formed on these layers.
20-100 A in size and in concentrations of ap- For the conductivity measurements, parallel.
proximately I x 1017 cm- 3 [4]. However. the pre- high aspect ratio (1 mm x 20 ptm with 40 am
cipitate density is a strong function of growth separation) patterns with alloyed AuGe/Ni ohmic
temperature, anneal time, and anneal temperature contacts were fabricated. DLTS measurements on
[5]. Concurrent with the formation of As precipi- the doped layers were made on Al Schottky diodes
tates is a reduction in the defect density in the having AuGe/Ni guard rings.
material. At present, there are two proposed theo- The conductivity and PL measurements were
ries as to how conduction occurs in these layers. performed in a Janis immersion cryostat with 1.4-
Look et al. [6] have proposed that the conduction 300 K capabilities. Both measurements are com-
in unannealed layers is due to variable range hop- pletely automated utilizing LabView and a Mac II
ping (VRH) within a band of deep levels, at low computer. The DLTS measurements are also com-
temperatures, and nearest neighbor hopping puter automated with transient signals being digit-
(NNH) through the same impurity band at higher ally recorded for subsequent analysis. The light
temperatures. hc the VRH regime the conductivity source used for the optical DLTS was a GaAs
follows the form (71 light emitting diode.

In(a)o01 T- ' .  (I)

with P = 0.25. On the other hand. Warren et al. [4] 4. Results
believe that the high resistivity of the material is
due to local depletion around the As precipitates The conductivity versus temperature measure-
(fh,, = 0.8 eV). By this view, the high density of ments indicate that the LTBs grown by gas source
As precipitates results in a system of overlapping (As 2 ) and solid source (As 4 ) MBE are very similar
depletion regions. Conductivity then occurs by in nature. This is interesting in view of the dif-
hopping between pockets of undepleted material. ferences in the growth kinetics for As, and As4,
This view also predicts the v = 0.25 VRH behavior especially since good quality, high mobility. MBE
which has been reported. GaAs has been grown at as low as 430*C using

an As, source [8]. However. Foxon and Joyce [91
have shown that below 330*C As 2 undergoes an

3. Experimental association reaction on the GaAs surface forming
As 4 and thus, by this mechanism, the growth

Table I summarizes the sample material pa- characteristics for As 2 and As 4 may be very simi-
rameters. The LTBs were grown on standard un- lar for low substrate temperatures.
doped semi-insulating (SI) GaAs 3 inch substrates Fig. I shows dark conductivity versus tempera-
in a VG Semicon V80H dual chamber MBE sys- ture for three of the samples under study and a
tem. Samples A and E were grown utilizing ele- commercial undoped semi-insulating substrate.
mental Ga and As sources while samples B, C and The conductivity of the 650 pm thick substrate
F were grown by GSMBE utilizing solid Ga and was calculated assuming an LTB thickness of 2.0
cracked arsine (AsH,). Samples D and G were Am. In this way the intersection of the SI sub-
standard buffer layers, grown at normal growth strate conductivity curve and the LTB conductiv-
temperatures and were used for purposes of com- ity curves indicates that around 230 K substrate
parison. Samples A, B, C and D were used for conduction dominates. As -further evidence that
conductivity and photoluminescence (PL) mea- the substrate is dominating the conduction at high
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0 6 Clearly, in the range of about 50-200 K. con-
duction is occurring primarily in the epitaxial LTB
layers. The conductivity of the layers grown by gas

7 source is higher than that of the solid source layer
=v - (A). Sample A, however, was much thinner (0.8

-aB /- - Am) than the other layers and interface depletion
Z__-_ may be contributing to the higher observed resis-

tivity. It should be noted that determination of
*0 -, - conductivity by this method (using parallel ohmic

contacts with L/W>> 1) is not exact. However.
I -- sa- for thin layers (- 2 Am) it is not possible to use a

- - aralel Van der Pauw geometry with L/W = 1. For ex-
10 ,0 7 i Conductivity

C cv ample, even for the most conductive layer (C). the
so 100 is0 200 250 300 resistivity at 200 K is approximately I X 107 9

cm. For a square sample with a 2 pm thick layer
r~ioiIpcr iiie K) this corresponds to a net resistance of 5 x 10' ' f2

Fig. I. Conductivity versus temperature for samples A. B and
C compared with an undoped liquid encapsulated Czochralski with resistance increasing to 5 x 1013 2 at 50 K.
(LEC semi-insulating substrate. Substrate conduction domina- Our Hall effect system cannot accurately measure

tes above 2-0 K as seen by the thermal activation of EL2. samples if the resistance exceeds I × 10"' Q.
We chose to study thin (2 pm) layers since it

temperatures. we observed room temperature mo- has been reported that at greater than 1-2 pm the
bilities in the range of 4000-6000 cm 2/V - s and material can become polycrystalline [101. In ad-
conductivity which is thermally activated with AE dition. since typical LTBs used in FET devices are
= 0.7-0.78 eV (above 250 K) which corresponds 0.5-2.0 am thick, they are of practical interest.
to the EL2 trap activation energy. In this region. This is also important since it is likely that a thick
the conductivity normal to the thin LTB dominates annealed layer would be extremely nonuniform
and substrate conduction occurs through the due to As out-diffusion.
buffer. However. our measurements do not ex- Fig. 2 shows In(o) plotted versus T - 

,4 for the
clude the possibility of activated nearest neighbor same data. The plots are all linear, however, they
hopping in the buffer as reported by Look et al. are also reasonably linear in T - for v < 0.25 [11].
[61. For these samples we simply would not ob- We acquired a large number of samples (- 500
serve this behavior due to the relatively high con- points per curve) and were able to perform a
ductivity of the semi-insulating substrate. The chi-squared minimization to obtain the best fit for
mechanism of conduction below 50 K is not well various values of P. We found that the best fit is
understood and is highly sample dependent. consistently obtained for P < 0.25. For sample A.

Table I
Growth and anneal parameters for samples used in this study

Sample As Growth As/Ga Anneal Anneal Doped
species temperature ratio temperature time layer thickness

(*0C (°C) (min) (.Prn)

A As4  245 20 600 10 -

B As. 245 35 600 5 -
C As2  310 52 600 10 -

D As4  580 8 - - -
E As4  245 20 600 10 0.2
F As2  245 35 600 t0 0.3
G As. 580 12 - - 1.0



46 PA. Puechner et al. / Gas source and solid source MBE LTBs

" ------------------- temperature buffer material, no excitons or accep-
tor-band carbon transitions are observed. The in-

- -. - - -. .... " - tensity of the carbon transitions is a factor of
N . .... approximately 20 less in the low temperature

1"8 7o " = buffers than in the standard buffer and the ex-

- citonic transitions are an additional factor of 10

-A C stronger than the carbon transitions in the stan-
- --------------- dard buffer. Clearly the LTBs are extremely opti-

to1- i ,i cally inefficient and do not support the formation

- -of excitons. However the most striking result is
o---- ---- ---- - that the data indicates that As, and AS 2 grown

buffers are also nearly identical in their optical
10-1'0 ... .. characteristics.0.2S 0.30 0.35 0.40 Figs. 4 and 5 show optical (top curves) and

T**-0.25 electrical (bottom curves) DLTS scans for solid
Fig. 2. Conductivity versus T- 0.5 for samples A. B and C. The source (sample E) and gas source (sample F) epi-
linearity indicates hopping conduction. The best fits are ob- taxial layers grown on LTBs. Positive peaks indi-
tained for an exponent of v < 0.25 which indicates that a cate hole traps while negative peaks indicate elec-
modified form of variable range hopping conduction is occur-ring. tron traps. A reverse bias of -0.75 V was used todetect traps near the middle of the active region.

In both layers there is an electron trap at 190 K

, - 0.1. and for sample B, P = 0.18. This indicates with an activation energy of 0.28 eV and a capture
that a modified form of Mott's T- 1t4 variable cross section (CCS) of approximately 5 X 10-15
range hopping could be dominating in these sam- cm2 . At 260 K there is an electron trap with an
pies. Effects such as strong electron-phonon cou- activation energy of 0.45 eV and a CCS of 1.5 X
pling or a rapidly varying density of states func- 10- 14 cm 2 and at 350 K there is another electron
tion could cause a lower exponent. such as we
observe [12-141.

For the high As/Ga GSMBE sample (C), the (x 0.01)
data are not linear over a broad enough range to 1
generate a good fit. This sample was grown at a t 4000.

higher substrate temperature and a higher As/Ga
ratio than is normally employed. Therefore, both C
the concentration of As precipitates and native
defects is expected to be higher. The higher con- (D)

ductivity for this samples supports this conclusion. 2000

Therefore, conduction may be occurring in this _

sample by a variety of mechanisms accounting for l
the deviation from simple behavior. This sample *
suggests that there is a limited range of growth (A)

conditions in which high resistivity LTBs can be 0

grown by GSMBE. Our preliminary results indi-
cate that the parameter range for growth by Energy (eV)

GSMBE is smaller than for solid source MBE. Fig. 3. 4.2. K photoluminescence spectra of low temperature

Fig. 3 is a comparison of 4 K photolumines- GaAs buffers grown by solid (A) and gas source (B) MBE
cence spectra of GaAs grown at low temperatures compared to an standard unintentionally doped buffer (D). No

excitons or acceptor-band carbon transitions are observed in
with As 4 and As2 and an unintentionally doped the low tcmperatture h.,ffers. (Thc intensity of sample D is

buffer layer grown at 580 * C. In both types of low divided by 100 and the curves are offset for clarity.)
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Fig. 4. Optical (top curve) and electrical (bottom curve) DLTS Fig. 6. Optical DLTS spectra of GSMBE FET active region
spectra of an FET channel grown by MBE on a LTB (sample (sample F) at various anneal times.

E).

the most striking information though is that
level with an activation energy of 0.53 eV and a without the incorporation of the LTB, the control

CCS of 2 x 10 -16 cm2. Both samples contain hole

traps with activation energies of 0.38 and 0.52 eV samples exhibited none of these electron or hole
wih a teain hepecrs at 0.36 and 0 K, levels in detectable quantities. The limit of our

which appear in the spectra at 236 and 320 K. detection level for this range of doping is ap-
respectively. The trap concentrations are below proximately 2 x 1 0 t4 cm -3

. Therefore, it is seen
l0l cm -3. In addition, both layers have a band of that the out-diffusion of As from the As-rich LTB

unresolvable hole levels between 110 and 220 K. si l dg e the quality of the sbsequet

From these data we can easily see that the epi- seriously degrades the quality of the subsequently

taxial layers grown on top of these LTBs are quite grown epitaxial layers.
simiar n thir lectica chractrisics.Peraps The stability of the same epitaxial layers was

similar in their electrical characteristics. Perhaps studied for various proximity anneal times. Figs. 6

0.005 0.02

-) - -0.02

U- -- -- - -\.- 0

_o.0 -- -0.04-

X0 .0.06- 24 hr

s0 140 200 260 320 380 440 .0.08 o 40 200 26 320 380 440
Temperature (K)

Fig. 5. Optical (top curve) and electrical (bottom curve) DLTS Temperature (K)

spectra of an FET channel grown by GSMBE on a LTB Fig. 7. Electrical DLTS spectra of GSMBE FET active region
(sample F). (sample F) at various anneal times.
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and 7 show optical and electrical DLTS data on spectra show a degradation in optical efficiency
these layers respectively. A bias of -2 V was used versus anneal time. Differences in surface recom-

4 to profile closer to the active/buffer interface. bination velocity among the samples are not large
The reverse bias leakage currents remained con- enough to account for the changes observed. Thus
stant in the low nA range for all samples. Hall we conclude that the degradation is due to the
effect and capacitance-voltage measurements increase in nonradiative centers seen by DLTS.
show no appreciable change in the carrier con-
centration of the epitaxial layers. Samples were
annealed for 1 and 24 h at 400' C in a nitrogen 5. Conclusions

ambient and referenced to an unannealed sample. GaAs LTBs have been grown by both gas and
The distribution of trap levels is significantly al- solid source MBE and it is found that the insulat-
tered by the annealing. The electrical DLTS shows ing characteristics of the buffers are very similar.
an initial decrease in two of the levels and a slIht The low temperature conduction properties indi-
increasecate that the exponent in the temperature depen-

Atr2halofthe electron traps increase in ct htteepnn ntetmeauedpnAfter 24 h all of tdence of ln(o) is less than 0.25 for both LTBs,
concentration and an entirely new level emerges at

which indicates that a modified form of the VRH240 K. The optical DLTS shows a steady decrease mechanism proposed by Mott is dominating con-
in the 320 K hole trap concentration and an initial duction in the buffer material, It is suggested that
decrease in the band of hole levels followed by an hoppin is occurr bten conduct ba

iincrease at 24 h. This shows that even during hopping is occurring between conduction band
electrons separated by depletion regions formed

moderate temperature annealing the material by the arsenic precipitates in the material. We
properties of the epitaxial layers are changing. The have also observed that the photoluminescence

trend is that the hole trap concentration decreases proertis oboth tpe ofe[TB tare ney enti

while the electron trap concentration increases properties of both types of LTB are nearly identi-

with anneal time. cal.
The prescnce of deep levels in P:ET channels

Fig. 8 shows 1.6 K PL spectra on the epitaxial

layers used for the DLTS measurements above, grown on LTBs has been detected. The type and
The excitation and detection conditions were kept concentrations of deep levels observed by DLTSTxctatihroughout ad deto ions re e t are similar for both types of buffer. However, inconstant throughout the set of measurements. The layers grown on a standard high temperature un-

doped buffer none of these trap levels are ob-
served. After variable time proximity anneals we

0found that the hole trap concentrations decreased
00hr while the electron trap concentrations increased

" with anneal time.

g 6000 JAcknowledgements

9, 40W, We would like to thank Frank Smith of MIT
1 hr' Lincoln Lab for useful discussions. This researchE

.2 2Mo -was supported by the Army Research Office. Con-
0 tract No. DAAL03-89-K-0038.
.C ; 24 hrh

1.46 1.47 1.46 1.49 t.50 1.51 1.52 t.53

Energy (eV) References

Fig. 8. 1.6 K photoluminescence for the same samples as [I] F.W. Smith. A.R. Calawa, C.L. Chen. MJ. Manfra and
studied with DLTS. Note the steady degradation in optical L. Mahoney, IEEE Trans. Electron Devices ED-9 (1988)

efficiency. 77.



R.A. Pues Aner et at / Gas source and solid source MBE L TBs 49

[21 HiJ. Lin, C.P. Kocot. D.E. Mars and R. Jaeger. IEEE [81 M. Missous and K.F. Singer. Appi. Phys. Letters 50
Trans. Electron Devices ED-37 (1990) 46. (1987) 694.

f3) M. Kaminska. Z. Liliental-Weber. E.R. Weber. T. George, [9) C.T. Foxon and B.A. Joyce, Surface Sci. 64 (1977) 293.
J.B. Kortright. F.W. Smith. B.Y. Tsaur and A.R. Calawa. [101 Z. Liliental-Weber. F. Smith and A.R. Calawa. MRS

AppI. Phys. Letters 51 (1989) 1881. Spring Conf.. San Francisco, CA. April 1990.

141 A.C. Warren. i.M. Woodall,. iL. Freeouf. M.R. Melloch [11] K.L. Chopra and S.K. Bahl. Phys. Rev. HI (1970) 2545.
and N. Otsuka. Appi. Phys. Letters, submitted. (121 V. Ambe-.aokar, BHI. Halperin and i.S. Langer, Phys. Rev.

[51 M.R. Melloch, N. Otsuka. J.M. Woodall. A.C. Warren B4 (1971) 2612.
and i.L. Freenuf. Appi. Phys. Letters, submitted. [131 I.M. Luttinger and H.K. Sy,. Phys. Rev. A7 (1973) 701.

[61 D.C. Look, D.C. Walters. M.O. Manasreh. J.R. Sizelove. [14] A.M. Krirnan ct al.. CSSER ESS6206. Arizona State tini-

C.E. Stutz and K.R. Evans. Phys. Rev. 86 (1990) 3578. versity. manuscript in preparation.

[71 N.E. Mott and E.A. Davis. Electronic Properties in Non-
Crystalline Materials (Clarendon, Oxford. 1971).



4

50 Journal if Crystal Growth 111 (1991) 50-55
North-Holland

Graded compositional heterostructures
in the GaAs/AlGal-,_As system

Stephen Giugni. T.L. Tansley
Semiconductor Science and Technology Laboratories (SSTL), Macquarie University, NSW 2109. Australia

and

Grant J. Griffiths
CSIRO Division of Radiophvsics. P.O. Box 76. Epping, NSW 2121. Australia

A device exhibiting the characteristics of two anti-parallel Schottky diodes would allow the fabrication of a planar balanced mixer

for millimetre wave communications. A suitable GaAs/AlGa_ ,As isotype heterostructure containing a highly symmetric
triangular barrier of controlled height and width in the conduction band is described. Symmetric compositionally graded triangular
barriers and quantum wells have been grown with barrier widths between 160 to 4000 A using conventional solid source molecular
beam epitaxy (MBE). by the continuous liner ramping of aluminium mole fraction from x = 0 to tle order of x = 0.3, Current versus
voltage (1-V) characteristics have been measured over a range of temperatures and correlated with theoretical predictions.

Triangular quantum well structures were also grown in the range of widths from 50 to 500 A and have been studied by
photoreflectance (PR) and differential photoreflectance (DR) techniques. Both types of device exhibit excellent symmetry and short.
steep compositional profiles have been confirmed by direct secondary ion mass spectrometry (SIMS) and transmission electron

microscopy (TEM) analysis on representative samples.

1. Introduction such a balanced mixer is also difficult with dis-
crete diodes. Schneider [4] and Alln et al. [51

A pair of Schottky diodes, arranged in an anti- suggested that an analogous structure could be
parallel configuration, can be used as a mixing produced which incorporated a single, symmetri-
element for mm-wave frequency conversion. Such cal barrier to majority carriers. This device would
an arrangement forms the basis of a conventional combine electrical characteristics suitable for pure
sub-harmonically pumped mixer in which the lo- sub-harmonic mixing with the benefits of a buried
cal oscillator frequency is set just below half the structure. Only ohmic contacts are required to
frequency of the incoming signal. This allows a produce a device, thereby eliminating all of the
low frequency oscillator to be used which has problems involved with Schottky contacts to
many advantages. The diode pair conducts for GaAs.
periods of both half cycles of the signal, producing The barrier is formed by symmetric triangular
a conductance waveform of twice the excitation grading of the aluminium concentration in
frequency [2,3]. Two difficulties associated with aluminium gallium arsenide to produce a triangu-
this conventional arrangement are the need to lar intrusion of forbidden states in the conduction
match precisely the characteristics of the two di- band. The linear variation in band-gap offset with
odes to ensure waveform symmetry, and to fabri- aluminium mole fraction, allows the required pro-
cate high quality Schottky contacts with low noise file to be engineered by a relatively simple al-
and minimal leakage. The physical construction of gorithm. A smooth compositional variation in mole

0022-0248/91/$03.50 '1 1991 - Elsevier Science Publishers B.V. (North-Holland)
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IEMISSION- I EMISSION By studying the relationship between beam flux

T4E arrival rates with temperature. growth rate, cell
1 TUNNEL transient response and alloy composition. an al-

AV APPLIED gorithm was readily constructed to facilitate theGaAs x-.-x=O-x=0.3 GaAs growth of arbitrary profiles. A familiar feature of
the GaAs/AlAs system is the very small lattice

-- mismatch between the extremes of alloy composi-

(a) tion allowing it to be varied without introducing
strain. Equally attractive for the present purpose
is the almost linear variation in the band-gap with
increasing aluminium mole fraction up to the F-X

AiGaAs AIGaAs crossover at approximately 40%. This makes the
x=o.3  x=0.3 formulation of a suitable algorithm reasonably

-straightforward in this alloy system. although an

AIGaAs understanding of the kinetics of the particular
machine and a detailed characterisation of thex=0.3 -.x=O--x=0.a

(b) source as a function of temperature changes and
the amount of material present in the crucible are

Fig. 1. Schematic hand-gap structure for a graded barrier (a) essential. The algorithm calculates the aluminium
and a graded quantum well (h).

flux required for the evolution of the desired grad-
ing profile, setting the source temperature in real

fraction is preferable to a variable period super- time by reference to measured flux/temperature
lattice structure due to the expected enhanced of calibration data.
electron scattering at to multiple interfaces [10].

To examine the efficacy of the grading control 3. Modelling
by optical techniques, smmetrical graded triangu-
lar wells were grown bv inverting the above struc- In order to form a basis for determining the
ture. Fig. I shows schematically the band-gap performance of the grown structures, the electrical
structure for a graded barrier and quantum well. characteristics of the graded barrier diode and the

optical response of graded triangular quantum
wells have been modelled. The electrical response

2. Growth of samples of the barriers includes contributions from both
emission and tunnelling currents. The calculation

The samples analysed in this work were grown of the tunnelling component was treated by the
in a VG Semicon V80H MBE system. The method application of the WKB method to an arbitrary
of substrate preparation and growth are standard barrier shape, through a piece-wise approximation
and will not be presented here. Alloy changes were [11], The tunnelling component is added to the
effected by precise control of the aluminium source emission current over the barrier and the total
temperature. in contrast with previously reported current calculated as a function of applied bias at
attempts to grow well-defined graded structures a particular temperature. This numerical simula-
by MBE [5 91. tions shows excellent agreement with the exact

The growth of very narrow, symmetric, linearly calculation which solves the wave cquations for
graded structures requires that the Knudsen cell the specific case of triangular barriers. The model
temperature be ramped at a rate which maintains includes the variation of effective mass with
near-equilibrium conditions. This is particularly aluminium mole fraction, the effect of dopants in
important in the region of temperature reversal, at the graded region and the position of the Fermi
the barrier peak or well bottom, where skewing of level outside the harrier. A typical simulation is
the contour will have the most significant effect. shown in fig. 2.
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to, Barrier I-V Simulation analysis. By viewing a cleaved wedge sample, the
compositional variation can readily be observed

t .- " y.through the different atomic densities of the con-
stituent alloys. The electron wave interference

10,. fringes thus produce an effective alloy composi-
tion profile, as shown in the micrograph of a 200

,0" , A graded barrier (fig. 4). These profiles clearly
/ demonstrate that the high degree of symmetry

10iok- required for sub-harmonically pumped mixer de-
/ /[ vices can be achieved by conventional solid source

"/ /MBE.

to'

05. Optical characterisation of graded quantum wells

Graded triangular quantum wells were grown
-0.6 -0.4 -0.2 0 0.2-04 06 and the quantum energy levels determined by PR.

,oltage DR and photoluminescence. Fig. 5 shows a typical

Fig. 2. Simulated current-voltage characteristics for a 750 A PR/DR result from triangular well of nominal
barrier versus temperature. The simulation temperatures are 125 A width. The aluminium mole fraction is 0.36.
from tkip to bottom 240, 195. 165. 140. 125. 11. 100, 9 The quantum states for the e,-hh, and the e,-hh.

and 77 K.

The quantum levels in graded symmetric trian- 4.OE- --

gular quantum wells have not been studied in
great detail to date. Previously reported non-rect- SUTTER RATE A ATED APttOXAtELY TO ACCOUNT FOR

angular quantum wells [7-9] have either been half EXPECTED DECEASE IN AIOA,, LAYER 1201 AT X-3)

triangular or grown with an effective alloy com-
position change. achieved through a variable 3.OE-1

period superlattice. so-called digital grading. The
exact quantum states have been calculated for the
symmetric structures by an appropriate Airy func-
tion approach and. as expected. are found to be
much further from the band edge than in a similar

1 2.OE-1
width square well. This means that the states
should be more readily resolved optically.

4. Physical characterisation
1,DE-t

In order to verify the structures and hence Al ,masured as C9A1

control of the growth parameters. selected samples
were analyse, by SIMS. Auger electron spec-
troscopy and sputtered neutral mass spectrometry.
Fig. 3 shows the SIMS profile of a 400 ,A triangu- 0.0
lar graded barrier which exhibits extremely good 0 too no 300 400 500 600

symmetry without any evidence of skewing. Fur- DEP (4ngst-.0l

ther confirmation has been provided by TEM Fig. 3. SIMS analysis of a 4(K) A graded barrier.
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Ii

Fig. 4. TEM micrograph of a 200 A graded barrier.

(electron to heavy hole) transitions are clearly the e1-lh, (electron to light hole) transition. We
visible and correspond to the predicted energy believe this to be the first time a symmetrical

levels. The DR trace also provides an indication of continuously graded triangular quantum well has
been grown and characterised. While the optical
transitions are clearly resolved in this sample.
many others showed degraded optical perfor-
mance arising from the very low growth rates and

0 - e , 1h the concomitant increase in impurity incorpora-
.. 1 tion.

I2 - 2 6. Electrical characterisation of graded barrier

ka structures
1.40 1.0 1 .BO 2.0

ENERGY (eV A number of graded barrier structures have
Fig. 5. PR and DR spectra for sample No. 220, a 125 graded been fabricated and their electrical device char-

quantum well. T = 300 K. (- ) PR: (- - -) DR. acteristics measured at a range of temperatures.
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10-1 triangular heterostructures have been developed

10-2 and proven in the GaAs/AIAs system. Algorith-mic control of the aluminium source temperature

10 - 3 in a well-characterised MBE system allows the
growth of compositionally graded Al.Ga_,As

10- structures to required profiles with a high degree

5 of precision. In particular, symmetrical triangular
- barriers and wells with heights/depths up to 300

10 -  meV and widths between 100 to 4000 A can be
7 grown with slope linearities and extrema geome-

1 0 -  tries better than the resolution of SIMS, AES, and

10 - 8 TEM. The current-voltage characteristics of bar-
riers show the general features predicted by an

10 -9  appropriate simulation, of symmetry and nonlin-
-0.4 -0.2 0.0 0.2 0.4 0.6 earity, whilst they also demonstrate the involve-

voltage ment of an optically fillable/thermally emptiable
Fig. 6. Measured I- V characteristics for a 750 A barrier with a trap in the conduction process.
contact diameter of 100 um. The measurement temperatures
are from top to bottom 240, 195. 165, 140, 125, 110, 100. 90

and 77 K.
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Precise computer control of the MBE process - application to graded
InGaAlAs/InP alloys

James C. Vlcek and Clifton G. Fonstad
Department of Electrical Engineering and Computer Science. Center for Materials Science and Engineering,
and Research Laboratory of Electronics. Massachusetts Institute of Technology. Cambridge, Massachusetts 02139. USA

We report MBE growth techniques for the precise control of composition in both graded and uniform composition InGaAlAs
alloys. Flux modulation through precise control of the effusion cell setpoint temperatures, including corrections for thermal transient
effects, is used to achieve graded alloy compositions as well as to maintain a uniform composition in the presence of disturbances
such as shutter operations.

1. Introduction the setpoint temperature profile are then used to
remove transient effects resulting from finite ther-

The In,(GaAl-,.),-,As alloy system pro- mal response times of the cells, and to remove flux

vides an excellent platform for the development of overshoot transients resulting from shutter oper-

advanced computer controlled MBE growth tech- ation.

niques. It spans the same bandgap range (0.75-1.5
eV) and lattice-matches to the same substrate (InP)
as In, - Ga, As,.P, ,. but does not suffer from the 2. MBE growth procedure
difficulties inherent in the growth of phosphorus-
containing compounds. This advantage, coupled The MBE growths were performed in a Riber
with the large conduction band offsets (up to 0.5 2300 three-chamber MBE system, from purely
eV) available, makes InGaAlAs an ideal candidate solid sources in Knudsen-type effusion cells. The
for the ultra-precise techniques of bandgap en- constituent beams of In, Ga. Al. and As4 were
gineering made possible by solid-source MBE. generated from sources of 7N In, 8N Ga, 7N At,

We report here MBE growth techniques for the and 7N As slugs, respectively. Growths typically
precise control of constituent mole fraction in were performed at a rate of 0.6-0.8 pum/h under a
both graded and uniform composition InGaAlAs V/Ill beam equivalent pressure (BEP) ratio of
alloys. Flux modulation through ramping of the 15 : 1 at a substrate temperature varying from 490
effusion cell setpoint temperature was used to to 5200 C.
achieve graded composition alloys, and to main- Flux vs. temperature relationships for each of
tain constant composition in the presence of dis- the effusion cells were derived from measured
turbances in the cell flux due to shutter operation. data fit by Ieast-squares approximation to an
We find from double-crystal X-ray diffraction Arrhenius form:
studies that maintaining the lattice-matching con- log F = A/T + C. (1)
dition through a graded region is no more difficult
than achieving the initial lattice matching condi- The activation energies A were measured periodi-
tions for the two ternary constituents of the graded cally by simultaneously logging the beam flux and
quaternary alloy. Time-dependent corrections to temperature of each cell while slowly ramping its

0022-0248/91/$03.50 , 1991 - Elsevier Science Publishers B.V. (North-Holland)
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setpoint over the temperature range of interest, effect of errors in the two cell flux parameters, T
Since the mole fractions of In in Ino.53Gao.47As and T,, on the maintainance of lattice-matching.
InO.52AI0.4As are nearly equal, the In cell temper- The lattice mismatch resulting from an error in
ature is maintained constant during all growths; cell flux can be shown to be proportional to the
this has the effect of fixing the growth rate. Under absolute error (as opposed to the relative error) in
these conditions, the constants C for Ga and A] flux [1]. The errors in cell flux resulting from
are determined from those setpoint temperatures errors in the cell parameters are then determined
which yield lattice-matched Ino.53Gao.47As or Ino.5 2  by differentiating eq. (2). For T, we find
Alo48As, respectively: these values are determined To
from X-ray diffraction measurements on a daily A F In F,
basis. Normalizing the Ga and Al fluxes to their Fn

values at the values at the lattice-matching value, whereas for T we find
their F(T) relationships can be written as

I I ), iF= F.
log F = T, ( T, (2)T1

To maintain a lattice mismatch less than 0.1%. we
where T represents the activation energy. and the then find from these expressions that the relative
-unity flux temperature" T is the setpoint tem- error in T must be maintained less than 0.2%.
perature for lattice matching. whereas the relative error in T, need only be kept

Compositional grading was achieved by varying less than 10%.
the cell temperatures in accordance with a set- To experimentally verify the effects of errors in
point profile determined by inverting eq. (2) for T, on lattice matching. a sequence of five growths.
the desired flux profile F(t). A personal computer each 0.74 pm thick and linearly graded over their
was used to generate a piecewise linear approxi- entirety from ln(,,,Alo 4 As to In4,_,Ga. 44 As.
mation to the desired setpoint profile, and to were performed. The T, of the Ga cell used in this
communicate with digital temperature controllers experiment was held constant over the five
which governed the effusion cells. growths. while that of the Al cell was varied in

The computer was also equipped for automatic I°C increments between each growth. for a total
shutter operation. and for logging of beam fluxes spread of 4C around the lattice matching point.

using the in-situ ion gauge on the growth manipu- Double-crystal X-ray diffraction scans of these
lator. The latter capability facilitates the measure- five lavers are shown in fig. 1. (Note that the T,, of
ment of the temporal response of a cell's beam the Ga cell has been set so that all lavers are
flux to disturbances in the cell's operating condi- slightly mismatched from the inP substrate: this is
tion. Such disturbances would include changes in to clearly distinguish the epitaxial and substrate
setpoint temperature or the opening or closing of diffraction peaks.) The full width at half maxi-
the cell shutter. mum (FWHM) of the epitaxial peak clearly goes

through a minimum for IT,= 0 for the Al cell:
the value of 24 arc sec for the FWHM is close to

3. Lattice matching the theoretical minimum for this material system
at this thickness [2]. The spread in the diffraction

The maintainance of lattice-matching to the peak widths for AT,(AI) 0 0, corresponding to the
lnP substrate is a key concern in the growth of varying lattice constant through the graded layer.
ln,(Ga,Al, ., As alloys: should the syn- clearly demonstrates the importance of accuracy
chrony of the flux gradients be lost, lattice mis- in determining T. The very narrow peak for 4T,
match may occur, resulting in undesired variations = 0. on the other hand, demonstrates that ex-
in material parameters and even misfit disioca- tremely tight control of the lattice constant is
tions in the extreme case. We examine here the easily maintained throughout a grading sequence
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pendent flux emitted by the cell in response to a
step change in its setpoint temperature. Differenti-
ating this flux with respect to time yields the cell's
impulse response; we choose to model this im-

FWM 42s .T. = -?C pulse response as a series (typically, one or two) of
!complex exponentials. Taking the Laplace trans-

3s form then yields a system function of the form
C
i

H(s) = s + a, (3)
24we

To simplify the analysis, we take as the input not

27sec the setpoint temperature, but instead the desired
+l*C flux profile, and as output the actual flux profile.

This yields a system with unity gain in the steady
4dsec state. The setpoint temperature profile is then

determined by calculating the inverse system func-
S Ition H-1(s) from eq. (3), multiplying it by the

-400 -300 - -lOO0 1oo Laplace transform of the desired flux profile, in-
Theta (sec) verse transforming to find the deconvolved pro-

Fig. 1. Double crystal X-ray diffraction scans of uniformly file, and then calculating the setpoint temperature
graded ln,(Ga,A 1 -,),-,As layers, where T of Al cell is sequence corresponding to this deconvolved pro-
stepped I C between each growth. Note that InP substrate file.

peaks (right) have been aligned for purpose of comparison. Taking fd(t) as the desired flux profile, and

f,(t) as the "effective" flux profile obtained
through the above procedure, we find that, for aprovided that the constituent terniaries are closely system function characterized by a single time

lattice matched to each other. The observance of costat f fcti ve flrxcrie coains airo
Pendll~sng rings inthediffactin sgnalfor cons .tant, the effective flux profile contains a pro-

Pendellosung fringes in the diffraction signal for portional and a derivative term [3]:

the AT,,= 0 layer. with a period of 26 arc sec (in

good agreement with the layer thickness of 0.74 A d )(

,am), is further testament to the high crystalline Me(t) = A Bdt
quality of these samples. For a system function characterized by two inde-

pendent transients with differing time constants.
4. the effective flux profile contains proportional,

integral, and derivative terms:

Since effusion cells have a finite thermal mass, d
their beam fluxes will not be able to respond fM(t)=O A + BJdie --"+C-jf(t). (5)
instantaneously to changes in setpoint tempera-

ture. The resultant time lag in flux with respect to where a is a weighted average of the two time
setpoint will lead to over- and undershoot errors constants. The time constants and coefficients in
in grading profiles if no corrective action is taken. eq. (5) are determined from measurements of the
We seek to overcome this difficulty by applying response of a cell to a step change in setpoint
linear system techniques to the analysis of the temperature. an example of which is shown in fig.
response of an effusion cell to incremental changes 2. Here, a model incorporating two time constants
in its setpoint. is fit to flux data measured for a gallium cell (both

Response functions for each of the effusion model and measured data are normalized to the
cells can be determined by measuring the time-de- change in steady-state flux). The two-time-con-
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Fig. 4. Measured flux profiles from Al cell without (solid

Fig. 2. Comparison of measured flux step response and model curve) and with (dotted curve) corrections for shutter transient.
incorporating two exponential time constants.

stant model fits the measured data within 4% for that the inclusion of only the short time constant
times after the step greater than 5 s. and within in fact worsens the overshoot at the end of the
1% for times greater than 25 s. The cell's system grading profile, whereas inclusion of both time
response is now obtained simply by differentiating constants reduces the overshoot to less than 1%.
the step response. A single time constant system function does,

Fig. 3 compares graded flux profiles with no however. prove adequate in the removal of flux
correction for thermal lag times in the cell (profile transients due to shutter operations. The opening
"A"): with corrections only for the dominant, rasell shutter opeato a opening
short time constant transient (profile "B"): and of a cell shutter typically leads to a positive flux
with corrections for both a short and a long time
constant transient (profile "C"). It can be seen F(t) = , + F e

The "shutter time constant" r is, in general, not
1.2 Overshoot: equal to either of the time constants typically

Me.sured (solid) 2.1% 4.7% o. measured in the cell's step response, and usually
" -lies between them. For a single time constant, we

Trrohole (dotted)/ use Eq. (4) to find for the form of the "effective"

OJ flux profile:

0.6 f(t) =Au(t) + B(1 - e-

0.4 where u(t) is the unit step function. This ap-4A: proach is qualitatively similar to that taken by

0.2: Prop Chilton et al. [4].
C: Prop. nt Dev Fig. 4 shows aluminium flux profiles, measured

after shutter openings, with and without correc-
0 20 Soo 750 1000 1250 ism0 lions for the transients. In the uncorrected case,

the maximum overshoot is in excess of 20%, while
Fig. 3. Comparison of graded flux profiles with no correction the corrected profile is within 1.1% of the steady
for time response (A): correction for one exponential time
constant (B). and correction for two exponential time constants state value throughout the course of the measure-

(C). ment.



60 J. C. Vicek, C. G. Fonstad / Precise computer control of MBE process

5. Conclusions Acknowledgements

In summary, the growth of high-quality The authors would like to thank Brian Bennett
graded-composition In,(GayAl, -. ,.) _As alloys for performing the double-crystal X-ray scans. This
on InP substrates has been demonstrated. work was supported by the National Science

Graded-composition alloys spanning the entire Foundation under Grant No. EET-87-03404,
quaternary range between the two ternary end- JSEP. through the MIT Research Laboratory of
points Ino.50 Ga0 A7 As and in0.5,Al0 .4 8As have been Electronics under Contract, No. DAAL 03-89-C-
grown. The dominant factor in maintaining lattice 0001, and in part by the Charles Stark Draper
matching while grading has been shown to be the Laboratory.
initial establishment of lattice matching for the
constituent ternaries: layers graded through their
entirety over 0.74 um have been measured with
X-ray diffraction full widths at half maximum of References
24 arc sec, close to the theoretical minimum.
Time-dependent corrections to the setpoint tern- [11 J. Vlcek and C. Fonstad. J. Vacuum Sci. Technol.. sub-

perature profile to take into account finite thermal mitred.

response times of the cells have been shown to f2] A.T. Macrander and K.E. Strege. J. Appl. Phys. 59 (1986)
442.

reduce overshoot effects in graded flux profiles [31 J. Vlcek and C. Fonstad, unpublished.

and flux transients due to shutter operation to the [41 P.A. Chilton. W.S. lruscott and Y.F. Wen, J. Vacuum Sci.

1% level. Technol. B6 (1988) 1099.



Journal of Crystal Growth III (1991) 61-64 61
North-Holland

Composition control of GaAsP grown by molecular beam epitaxy

Takashi Nomura, Hiroshi Ogasawara, Masahiro Miyao * and Minoru Hagino
Research Institute of Electronics, Shizuoka University, 3-5-1 Johoku, Hamamatsu 432, Japan

This paper describes composition control of GaAsP alloy grown by molecular beam epitaxy. The relationship between the growth
condition and the film composition is explained applying a precursor state growth model to GaAsP growth. The activation energies
and the parameters appearing in the relationship are determined by fitting the calculated compositions to the experimental ones. The
effect of flux intensities, substrate temperature and growth rate on the composition is discussed.

I. Introduction ship between the growth condition and the film
composition is explained applying a precursor state

Ternary or quarternary III-V alloys are im- growth model to GaAsP growth. The effect of
portant for optical device applications, and a pre- substrate temperature and growth rate is dis-
cise control of the composition is required. Com- cussed.
position control of alloys with mixed group V
elements is one of the important issues of molecu-
lar beam epitaxy (MBE), because there is no sim- 2. Growth model
pIe relationship between the group V fluxes and
the film composition. Matsushima and Gonda [I] The growth model describes the MBE growth
reported that the phosphorus composition of of material i with four processes: the incidence of
GaAsP is a function of substrate temperature. For the atom to the precursor state (,), the desorption
GaAsSb growth. Chang et al. [2] found that the from the precursor state (D,), the chemisorption
composition is controlled by Sb/Ga flux ratio to the film (G,), and the sublimation to the pre-
when the flux ratio is less than unity. Foxon et al. cursor state by the dissociation of the film (E,).
[3] pointed out that the As/Ga flux ratio de- The dissociation of molecules to atoms. associa-
termines the film composition of GaAsP alloy for tion of atoms to molecules and migration of group
a constant P flux intensity. Woodbridge et al. [4] V elements at the surface are treated as a pre-
also reported that the composition is a function of cursor state. The concentration of the precursor
the substrate temperature. However, the tempera- state n, is determined by these processes as:
ture dependence of the composition was the in-
verse of that reported by Matsushima and Gonda dn,/dt = J, - G, + E,- D,. (1)
[11. Calculation based on the thermodynamic In the steady state condition. dn,/dt is equal tomodel was reported by Seki and Koukitu [5]: Intesadsaeco iind/disqulo

mode wa reprte bySekiandKouktu 51; zero. The net growth rate is expressed as G, - E,.
however, the calculated results on GaAsP have not
fully explained the experimental results. This growth model was successfully extended to

In this paper, composition control of GaAsP ZnSe growth by MBE [6,7].

alloy grown by MBE is described. The relation- We applied the growth model to GaAsP growth
for the typical growth conditions: substrate tem-
perature is low where the loss of Ga can be

Present address: Sendai National College of Technology, ignored. and the beam flux intensity of the group

Kami-Ayashi, Sendai, Miyagi 989-31. Japan. V element is larger than that of Ga beam. The

0022-0248/91/S03.50 1991 - Elsevier Science Publishers B.V. (North-Holland)
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growth rate of GaAsP is determined by the arrival Eq. (9) is an expression of the relationship be-
rate of Ga under these growth conditions. tween the composition ratio and the growth condi-

For the GaAsP growth it is assumed that the tion.
chemisorption rates of group V elements are pro-
portional to the product of the precursor state
concentration and the probability of the reaction 3. Results
with Ga, and the interaction between the pre-
cursor state of As and that of P is ignored. GAS The unknown parameters and activation en-
and G, are expressed as: ergies in eq. (9) are determined by fitting the

calculated compositions to the experimental re-
GA,/Gp = q nAs/nrp, (2) suits. The GaAsP layer is grown on GaAs (001) by

where q is the ratio of incorporation probabilities MBE under various growth conditions. The growth
of group V atoms with Ga atom at the surface. rate is determined by RHEED intensity oscilla-
The sum of the growth rates of P and As is equal tion. The molecular beam of tetramers is used for

to the growth rate of Ga, since the growth rate of As and P. The beam equivalent pressures of As

GaAsP is determined by the Ga flux intensity, flux and P flux are monitored with nude ion

The net growth rate of As and P is expressed as: gauge. The As flux intensity is calibrated by a
transition from As-stable reconstruction to Ga-

GA,,- EA. =-J, (3) stable one. The As composition ratio x is mea-
(4) sured by the X-ray diffraction, assuming that the

lattice constant of a ternary alloy follows Vegard's
where x denotes the As composition. The desorp- law. The layer thickness of GaAsP is 1.0 Mm. to
tion and the sublimation are expressed to have an relieve the strain due to the lattice mismatch be-
Arrhenius form: tween the film and the substrate.

Fig. 1 shows the As composition of the GaAsP
D, = n,"v, exp( -E,d/kT). (5) alloy as a function of the As/Ga beam flux ratio
EA =,XLA,. (6) for different P flux intensities Solid line and

broken line show the composition calculated byE, = - x)Lp. (7) eq. (9). The alloy composition depends on the

where growth condition in a complex way. No linear
relationship was observed between the composi-

L, = a, exp( - ,,/kT), (8)

and m is assumed to be 1. LA, and Lp represent
the sublimation to the precursor state by the dis- 26 . , 2b

sociation of GaAs and GaP, respectively. E, is 1P- -',--

assumed to be proportional to the composition o6

ratio. Reducing eqs. (1)-(8) gives: .4 / 5
.-- 1I4 - O

-A~d 1 + - --- rA o2
,, exp( --k-) ( ) = - (9)

f-,,,) + L__.p r,, (9)" '
qvp exp( cp)( 0 .0. -L 20

Beam Flux Ratio JA,/JSa

where r, represents the beam flux ratio: Fig. 1. As composition of the GaAsP alloy as a function of the

As/Ga beam flux ratio for different P flux intensities. Solid
(10) line and broken line show the compositions calculated by eq.

(9). The growth rate is 0.4 pm/h and the substrate temperaturerp =Jp/J.. (11 ) i 470°'C.
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Fig. 2. As composition of GaAsP alloy as a function of the l1)00 isub K )

substrate temperature for different growth rates. Solid lines Fig. 3. Calculated value of the product of incorporation rate
show the composition calculated by eq. (9). The As/Ga beam from the precursor state to the substrate and the desorption

flux ratio is I and the P/Ga beam flux ratio is 45. rate from the precursor state.

tion and the As/Ga flux ratio. The As composi- are supplied. The As composition of GaAsP alloy
tion decreases as the P flux intensity increases, is controlled by adjusting the As/Ga beam flux
The calculated and the experimental compositions ratio. However, the composition is varied by the

agree well. beam flux intensity of P. This variation is ex-
The effect of substrate temperature on the com- plained by the concentration change of the pre-

position for various growth rates is shown in fig. cursor state. The beam flux intensity of P changes
2. Solid lines show the composition calculated by the concentration of the precursor state of P. Thus
eq. (9). The As composition decreases as the sub- the concentration is varied through the change of
strate temperature increases. However, the de- the ratio of the reaction rates with Ga. GAs/GP =

crease of the composition is saturated at higher qnA,/n p.
substrate temperatures. The influence of the sub- The effect of the substrate temperature on the
strate temperature on the composition ratio de- composition is clarified by calculating G,, D, and
creases with the growth rate. The saturation tern- E, as a function of substrate temperature. The

perature is lowered for low growth rate. product of the ratio of incorporation rates and the
Table I shows the parameters and activation ratio of the desorption rates from the precursor

energies in eq. (9) determined by fitting to the state is calculated based on the determined activa-
experimental results. tion energies. The product is plotted as a function

of substrate temperature in fig. 3. The product
decreases as the substrate temperature increases,

4. Discussions which shows that the ratio of the incorporation
rate GA,/GP is increased and the ratio of the

A higher incorporation probability of As than
P by a factor of 50 (31 is reported under the Suh~trate Iiiperature t C,
growth condition where excess group V elements . 5%) 50

Table I P
Activation energies and parameters determined by fitting the E

calculated compositions to the experimental results

-A,a- (P -8.53 X 10 eV 12

,,,.,Iqp 2.93 X 10 12 13 1.4

'A- 2.55 eV 1011 kubIK 11
a, , .05×102 cm

EpA 3.67 c Fig. 4. Calculated value of the dissociation rate of As and P as

ap 1.01 X 1026 cm 2 a function of the substrate temperature. The broken line de-
notes the Ga flux intensity at the growth rate of 0.4 Mm/h.
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H) The calculated As composition for a wider range
08 ;rowth Rate (tm/h) of growth conditions is shown in fig. 5. The tem-

perature dependence of the composition varies,
..t depending on the substrate temperature and the

growth rate.
o0

0 .2 5. Conclusion

400 5 600 The relationship between the composition of
Substrate Icmperatur2u C j GaAsP and the MBE growth condition is de-

Fig. 5. Calculated film composition as a function of substrate termined. The expression of the relationship be-
temperature for various growth rates. The As/Ga beam flux tween the composition ratio and the growth condi-

ratio is I and the P/Ga beam flux ratio is 45. tion is obtained with the precursor state growth
model. The activation energies and parameters are

desorption rate DA,/DP is decreased. The effect of determined by fitting the calculated compositions
G, and D, increases the As composition as the to the experimental results. The effects of the
substrate temperature increases, sublimation of group V material on the composi-

Fig. 4 shows the calculated values of LA, and tion are discussed.
L ,. The broken line in the figure shows the num-
ber of incorporated Ga atoms for growth rate of
0.4 uam/h. The sublimation of precursor state L, References
increases with the substrate temperature. The sub-
limation of As is comparabl 'r the growth rate at III Y. Matsushima and S. Gonda. Japan. J. Appl. Phys. 15
around 460'C. However. the sublimation of P is (1976) 2093.

negligible because the sublimation of P is less than [21 C.A. Chang. R. Ludeke. L.L. Chang and L. Esaki. Appl.
Phys. Letters 31 (1977) 759.1 % of the growth rate. Thus the As is prefer- 131 C.T. Foxon. B.A. Joyce and M.T. Norris, J. Crystal Growth

entially sublimated around 460'C. The effect of 49 (1980)132.
the sublimation decreases the As composition. On [41 K. Woodbridge. J.P. Gowers and B.A. Joyce. J. Crystal
the other hand. sublimation of P becomes com- Growth 60 (1982) 21.
parable to the growth rate around 520'C. The 151 H. Seki and A. Koukitu, J. Cr'stal Growth 78 (1986) 342.
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Dynamics and roughness spectrum of the GaAs(001) surface
during the MBE process

L. Daiweritz, J. Griesche *, R. Hey and J. Herzog
Zentrahnstitut fir Elektronenp/ysik, Hautsogteiplatz 5-7. 0-1)86 Berlin. Germany

The roughness spectrum of the GaAs(001) surface has been studied during growth and after growth interruption by combining the
time-dependent recording of the RHEED specular beam intensity with intensity profile measurements of the specular streak. The
profiles reflect drastic changes in the distances of Ga-terminated steps in [110] direction, the roughness of As-terminated steps in
t110] direction, and the number of levels included in the surface profile. The rates of the underlying kinetic and thermodynamic
processes are estimated from the recoverN of the specular beam intensity which shows a stepwise increase for growth interruptions
after extended deposition.

1. Introduction been reported [4.5]. In the present work, the growth
is interrupted after extended growth leading to a

Previous conclusions on interface roughness of higher surface roughness. Without provisions to
molecular beam epitaxy (MBE) grown interfaces interrupt the growth at a certain stage. the re-
differ considerably [1]. This provokes the question cover curve shows an additional dip. By a corn-
on the roughness spectrum of the growth front bined analysis of this curve and of intensity pro-
and of the annealed surface. The evolution of the files taken at defined stages deeper insight into the
surface can be studied in situ by reflection high- evolution of the roughness spectrum of the surface

energy electron diffraction (RHEED). From in- is obtained.
tensity profile measurements of the specular streak
the average terrace width on the GaAs(O01) surface
has been found to be in the order of about 500 A 2 Experimental
during steady state growth and in the order of
several 1000 A after 10 min growth interruption
(2]. The recovery of the specular beam intensity Growth and annealing cycles were performed

observed after depositions on a well annealed at a substrate temperature of 580° C, an As 4 : Ga

surface can be fitted by a two-exponential form beam equivalent pressure (BEP) ratio of 10 and a

[3.41. This has been explained by considering the growth rate of 0.45 ML (monolavers) s 1. At these

initial fast process as a rapid smoothing of the conditions a clear (2 x 4) structure was observed
growth front profile and the following slow proc- and the specular beam intensity recorded in the
ess as recovery of long range order. For integer or [1101 azimuth at an out-of-phase condition re-
0.12 less than integer monolayer depositions a dip ached the maximum for the static as well as the
in the recovery curve after the initial raise has growing surface. The arrangement for intensity

measurements consisted of a collimator, optical
fibre, and photomultiplier. Intensity profiles along
the 00 streak were measured by photodensitome-

* Sektion Physik, Humboldt-Unversitit zu Berlin, O-1f4O try from RHEED patterns recorded photographi-
Berhn, Germany. cally (exposure t.ne 0.5 s).

0522-0248/91/$03 50 -1991 - Elsevier Science Publishers BV. (North-Holland)
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3. Results

Three growth and annealing cycles were real-
ized by Ga shutter opening and closing as indi-
cated in fig. 1. In the first cycle the growth is
interrupted after extended growth with a constant
specular beam intensity indicating a steady state
step distribution. Even after 5 min annealing a
stable no-growth intensity is not reached. Never- W

theless, step distances larger than the Ga migra-
tion length must exist since after growth initiation
in the second cycle, the intensity decreases rapidly
and oscillates. After several minutes growth, there

is an additional decrease in intensity toward the
steady state value. During the second growth C 9 i----- (C)
break, a stepwise intensity increase in two stages is - .
observed after the first rapid raise. In the third moimm 0o

cycle, the growth is initiated on a smoother surface. --- at SC10o,

Again a reordering of the growing surface toward (b)

the steady state is found. During a growth inter-
ruption of about 20 min, the intensity approaches 0 2 "
a stable no-growth value. When depositing only a 0 0'5 1.0

few monolayers on this surface, the usually studied Time (min)

recovery behaviour is found (fig. 2). Fig. 2. Recovery of the specular beam intensity after deposi-

In a second series of experiments, RHEED tion of 18 (a) and 18.5 ML GaAs (b). From al <,t2 and the

patterns for intensity profile measurements have comparison in (c) follows that the growth front relaxes faster

been recorded at the stages labelled a to i in fig. 1. for growth interruption at monolayer completion.

The profiles compiled in fig. 3 consist of a peak
with a fine structure (cf. also fig. 4 and ref. [6])
and diffuse wings. The full width at half maxi- mum (FWHM) is inverse proportional to the aver-

age step distance. The fine structure with splittings

AOf and the diffuse wings, respectively, reflect
........ -larger and shorter distances, respectively. Taking

S. .into account the grazing incidence RHEED geom-

// etry, the corresponding correlation lengths in the
[1101 direction were calculated from the FWHM

. or A0 r. The data are given in table 1. In addition,
7 ,the step distribution is characterized by the ratio

S.B of the profile width at 1/4 of maximum to that
Sat 3/4 of maximum [7]. The width at 0.05 of

i , maximum is a measure of the contribution of
short distances to the roughness spectrum.

3; 3 5! 130 70 o qc 1o During the first growth interruption the aver-
T mo (r ,) age terrace width increases from 560 to 670 A.

Fig. 1. Temporal behaviour of the specular beam intensity The B value of 3.3 for steady state growth indi-
during three growth and annealing cycles. Oscillations are

indicated by their envelopes. At stages labelled a to i and * cates a geometric step distribution [7] its decrease
RHEED patterns for intensity profile measurements were during growth interruption a transition to a nar-

taken, rower terrace width distribution. A reduction in
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Fig. 3. Intensity profiles of the 00 streak measured for the growth (G) and growth interruption (GI) stages indicated in fig. 1.

the contribution of short distances to the rough- profiles are normalized concerning their maxima.
ness spectrum is evident also from the decreasing From the profiles presented in fig. 4, it can be
W,, 5 value. During the following deposition the clearly seen that the FWHM, A8, and the contri-
reversal effects are found. Finally, during long- bution of diffuse wings increase during growth
time annealing in the third cycle, the average and and decrease during growth interruption.
maximum terrace width increase to 830 and 6500
A. respectively. The unexpected high B value for
the well-annealed surface can be explained by 4. Discussion and conclusions
considering not only a change in the lateral, but
also in the vertical distribution of terraces over The model of the GaAs(001) surface shown in
different levels. For a surface with only a few fig. 5 takes into account differences of As-
levels the profile consists of a broad shoulder and terminated steps along the 1110] direction and
a central spike 18]. After separation of the central Ga-terminated steps along the 11101 direction re-
spike from the shoulder in the profile shown in garding excess energy [9] and tendency to
fig. 3i, a B value of about 1.4 is obtained. This meandering [10]. With the given diffraction and
gives clear evidence that on the well-annealed recording conditions, the profiles measured are
surface, the number of terrace levels decreases. sensitive to a succession of strings of atoms sam-

The reflection of topography changes in the pled in a one-dimensional cut across the surface in
profiles becomes obvious in particular when the 11101 direction and averaged over cuts in (1101
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Table I
Average terrace width, shape ratio B as a measure of the width distribution, profile width W... as a measure of the contribution of
short distances, and maximum terrace width for different growth and annealing stages

Growth/annealing stage Average terrace width (A) Maximum
Distribution function, B = W0.25/ W0 .75  terrace

Contribution of small distances, W005 (mrad) width (A)

Cycle 1 Cycle 2 Cycle 3 Cycle 3

Growth

2 min - - 710 4990
2.1

25.1

Extended 560 (23 min) 660 (13 ain) 700 (15 min) 4700
.).3 2.4 2.6

30.6 28.0 28.0

Growth interruption

I min 640 680 770 4990
2.0 1.6 2.0

27.0 21.6 20.5

Extended 670 (3 mini 680 (13 min) 830 (16 min) 6430
1.7 1.5 2.1

20.6 15.5 13.0

GaAs O, GaAs (000)

B PA, : O PG.
a 

0 ool

/,

N r-(

0101

II

GI 1 0 0 ,z 3-.

Of (mrodl (b)

Fig. 4. Normalized intensity profiles for different growth (G) Fig. 5. Schematic illustration of the terrace-step-kink struc-
and growth interruption (G1) stages in the third cycle. ture of the growing (a) and annealed GaAs (001) surface (b).
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direction [11]. The string length distribution sam- occur not only during the first intensity raise, but
pled is related to the distances of [110]Ga steps also during the slow stage of the intensity re-
and the roughness of [ll0]As steps. After growth covery.
interruption, the kink and step related free energy
will reduce. The reduction of the broad compo-
nents in the intensity profile can be explained by Acknowledgements
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crease of its maximum evidences that finally the
island size increases due to a reduction of the
number of levels included in the surface profile.
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Growth uniformity studies in molecular beam epitaxy
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We present the results of experimental measurements and numerical calculations of the layer uniformity of MBE grown GaAs
layers on stationary and rotating wafers using different crucible geometries. We obtain excellent agreement between theory and
experiment for the actual geometry used in the MBE deposition and describe the configuration required to obtain ersr good
uniformity over a 3 inch rotating wafer. We also study the case of a trumpet crucible insert used as a simple way of improving layer
uniformit,.

1. Introduction from this point. Curless limited the model to the
cylindrically symmetrical case. i.e. the melt surface

As the quality of MBE grown epilayers has perpendicular to the crucible axis. Calculations by
improved an increasing number of laboratories, Yamashita et al. aimed at generalizing Curless'
particularly those in the area of III-V materials, model to the case of liquid loads where the melt
are shifting their main interest from material stud- surface is not perpendicular to the crucible axis.
ies to device physics and development. Uniformity Recently we have performed detailed studies [3)
of layers is therefore a very important issue. Al- of thickness profiles of GaAs layers grown on
though some of the production oriented MBE stationary wafers with two different types of Gal-
systems now marketed offer very respectable lium effusion cells. The first (labelled here CLI)
growth uniformity. for many systems operating contains an almost straight walled 40 cm 3 crucible.
worldwide this is definitely not the case and several The second (labelled CL2) contains a conical 30
groups are experimenting with ways to improve cm3 crucible. We found that in order to explain
the performance of their older machines. Develop- the experimental results two additional effects
ment of an accurate numerical model for thickness typical to an MBE environment had to be in-
profiles of MBE grown layers may help solve cluded in the theoretical model, namely variation
some of the existing problems with less time con- of the molecule re-emission coefficient along the
suming trial-and-error experiment, crucible walls caused by the temperature gradient

The flux distribution from effusion cells in MBE and shielding of the molecular flux by Ga droplets
growth has been addressed by Curless Ill and accumulated at the crucible orifice. Including such
Yamashita et al. (2]. The cosine law for emission effects allowed us to reduce the maximum dif-
of molecules from both the melt and the crucible ference between calculated and experimentally
walls was used and the re-emission from the cruci- measured layer thickness to less than 1% over the
ble walls was calculated self-consistently. The whole area of a stationary 3 inch wafer.
growth rate at any given point on the substrate In the present paper we quote the main results
was calculated by integrating the flux contribution of this model applied to the more practical situa-
from all melt and wall elements in line of sight tion where the wafer is rotating during growth. We

0022-0248/91/$03.50 1991 - Elsevier Science Publishers B.V. iNorth-Holland)
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also present new experimental results obtained for of Ga. The tilt o; the melt level with respect to the
a modified cell (labelled CL3) containing a straight crucible axes, a, was calculated using the actual
walled 80 cm3 crucible with a conical insert and cell orientation within the system. Fig. l b shows a
extend our model to cover this increasingly popu- schematic of the crucible geometry for the CL3
lar configuration. cell used for the present study. The cell was

equipped with two filaments and no Ga accumula-
tion was observed at the crucible orifice. The Ga

2. Experimental charge is placed in a large volume straight wall
PBN crucible which is capped with a "trumpet"

The GaAs layers studied were grown with V80H made from a 30 cm3 conical crucible (the same as
MBE systems. Fig. la shows a schematic of the the crucible in the CL2 cell described above) with
crucible geometry used in the previous calcula- its bottom removed. In our case the distance h = 81
tions [3]. The first cell investigated (CLI) was the mm and the orifice diameter d = 28 mm. Such a
standard VG single filament effusion cell with a design retains the uniformity improvement offered
40 cm 3 pyrolitic boron nitride (PBN) crucible. The by the conical crucible without an associated drop
second cell (CL2), using a 30 cm" PBN conical in the useful volume. A similar design used for a
crucible (13 = 8'). was supplied by EPI and had a Varian system was described by Maki et al. 141.
dual filament design. Such an arrangement allows Fig. Ic shows a schematic of the crucible-sub-
one to reverse the thermal gradient along the cell, strate geometry and its spatial orientation for the
thus strongly reducing accumulation of Ga drop- case of a V80H MBE machine. together with the
lets at the crucible orifice and associated spitting fundamental coordinate system. Note that the

d

ZM

h 7 .

/ !~A' 2

i9 . P6 .\

(a) (b) (c)
Fig. I. S hematics of: (a) crucible, defining angle, used in present numerical simulations: (b) crucible of cell (L3 containing trumpet
insert constructed from a cut-off CL2 conical crucible, (c) crucihle-substrate geomntrN and its spatial orientation for a V9OH MBF
machine. The plane ii, is parallel to the floor. while i, indicates the vertical direction antiparallel to the direction of gravitvg. Points
P, to P. indicate the centres of the cell orfice,,. For this syslem D, = 13.5 cm. D( = 5.6 cm. y 250. ZACP, = 4, and

,/P, AP,. 45o



72 Z. R. Wasilewski et at. / Growth uniformitv studies in MBE

crucible axis does not point at the centre of the 1.0

wafer. 0.9
Layers were grown in the following sequence. X, z - 3.5cm , -

After desorption of native oxide thin GaAs (300 0.8 /

A) and AlAs (300 A) layers were deposited on a 0.7

rotating wafer. At this point rotation was turned
off, the wafer angular orientation established, and 0.6

n z. -13.5cm

the growth of GaAs resumed. The arsenic pressure
was adjusted to maintain arsenic stabilized recon- C 1.05-l z,= -2.5cm

struction over the whole wafer. In all cases a I S? N1

am/h GaAs growth rate, and 600'C substrate -" 0 ,]
temperature (as read with calibrated infrared 4 0.s -75cm

IRCON pyrometers) were used. ___

Measurements of layer thickness were carried 0 1;.0
out in two stages. First a map of relative thickness Z z -7.5cm

variation across the wafer was obtained using a 0.95 ' -2.%,m

scanning reflectance system and then an absolute 0.85

thickness profile was constructed by establishing
the exact thickness corresponding to one of the 0.75
interference fringes using reflectance spectroscopy X (CM)
[3,51. The absolute accuracy of layer thickness x (cm)
measured in such a way should be better than Fig. 2. Theoretical thickness cross-sections for GaAs layers
+ I grown on a rotating wafer in the configuration illustrated in

fig. Ic. Curves are for a number of values of the distance ,
between the crucible orifice and the melt (measured prior to
tilting with gravity). The top panel is obtained for cell (Ll and

3. Results the middle panel is for CL2. The lower panel is for ('L2 but
with the crucible axes tilted to point sen close to the centre of
the wafer. The dashed curve on the lower panel is for the
Toptimum" case where the cell is directed at 45' to the wafer

gro%%th uniformity for rotating wafers are suni- and the crucible axes is intersecting the wafer center 13].
marized in fig. 2. More details of these calcula-
tions are given in ref. [3]. The top panel indicates
that the cell CLI with the almost straight walled dramatically improved. Also shown in this panel
crucible, when used in the supplied machine con- (dashed curve) is the result obtained for the same
figuration (fig. Ic), provides a very poor layer configuration but with the wafer rotated to be at
uniformity that is also heavily dependent on the 450 to the crucible axis. The resulting laver is
level of the melt (z,) in the gallium crucible. calculated to be flat to better than 0.1% over most
From the middle panel of fig. 2 it can he seen that of a 3 inch wafer.
the cell (2 with the conical crucible provides The geometry represented in this last calcula-
better but still insufficient uniformity, again with tion (dashed curve) is not easily or cheaply imple-
considerable melt level dependence. These calcula- mented in the MBF machines as supplied. How-
tions are in good quantitative agreement with ex- ever, modification of the effusion cell CL2 such
perimental results. In the bottom panel of fig. 2 that the conical crucible is rotated within the cell
we show results of calculations performed for the to "overlook" the whole wafer appears. at first
case where the CL2 cell crucible axis is tilted to sight, to he a workable solution. Unfortunately.
point close to the centre of the wafer. This ensures since such a cell would have no cylindrical sym-
that practically the whole wafer is in direct line of metry. it would be more expensive to make and
sight from all emitting surfaces of the crucible. would suffer from uneven heating by the cell
Both uniformity and melt level dependence are heaters which may give rise to excessive melt
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turbulence and material spitting. An aternative crucible fixed at an angle to the crucible axis
approach is to modify the crucible itself without appropriate to the experimental arrangement.
changing its position in the cell. For example, the Within the error of the calculation the distribution
crucible in cell CL3 (see fig. 1b) could be modified from the hole in the covered crucible reproduced
to tilt the trumpet insert away from the crucible the one leaving a simple melt surface of the same
axis to point towards the centre of the wafer. Such dimensions. Furthermore, the results did not
a solution would avoid the disadvantages men- change when the covered crucible calculation was
tioned above, providing a cell which has higher repeated with the melt surface normal to the cruci-
capacity and better thermal stability than CL2. ble axis, indicating that even for such a large

The question which we need to answer is how opening the momentum distribution of particles
well the beam profile of a cell like CL3 resembles leaving the opening is randomized by multiple
that of a cell like CL2 with a simple conical collisions with the inner walls. An important prac-
crucible. Recall that the trumpet insert in CL3 is tical consequence of that result is the indepen-
constructed from a conical crucible identical to dence of the beam profile leaving the cell on the
that in CL2. More specifically, we wish to de- melt level below the trumpet insert. It is also clear
termine if the hole in the bottom of the trumpet that, to a very good approximation, we can neglect
produces a flux distribution similar to that of a the large container in further calculations, at least
melt surface. We have calculated self-consistently for this system, replacing the actual hole in the
the spatial and angular distributions of the flux trumpet with an equivalent melt surface. This
leaving a circular opening in a lid covering a simplifies the problem greatly, reducing it practi-
straight walled crucible of the same dimension as cally to the one already solved, that is to the case
the outer crucible in CL3. The size of the opening of CL2 cell. The fact that the melt level is per-
was taken to be the same as that at the bottom of pendicular to the crucible axes in this case makes
the trumpet insert in CL3. The calculation was little difference to the final flux distribution, par-
performed with the melt surface within the covered ticularly for a melt surface deep in the crucible 13].

4.0 4.0-

2.0 2.0 /

0.0- 0 0 - / .'

-2-0 -2.0-/

-4.0 a -4.0 --- I
-4.0 -20 0.0 2.0 4.0 -4.0 -2.0 0.0 20 4.0

x (cm) x (cm)
Fig. 3. (a) Reflectance scan of a GaAs layer grown on a stationary substrate with the CL3 cell. Each fringe indicates points on the
wafer where the GaAs layer thickness is the same. (b) Comparison between theoretical (solid lines) and experimental (dashed lines)
stationary growth thickness profiles for the CL3 cell. The spacings between contours are equal to 5% of the thickness at the wafer

centre. The dimensions of the 3 inch wafer are indicated by the dashed circle.
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We have carried out the calculations and corn- negative for the case of the present configuration,
pared them with the experimental thickness pro- leads to an optimistic prediction. Simply rotating
file for the layer grown on a stationary wafer with the trumpet within the outer crucible or better still
the cell CL3. We found that a good fit was ob- using a trumpet already designed in this way.
tained only when the bottom 17 mm of the conical should improve the uniformity significantly, from
insert was assumed to be coated with emitting slightly less than 20% to better than 3% over the
gallium. This is expected to happen if the Ga area of a 3 inch wafer.
accumulated on the inner wall of the PBN trum-
pet, facing the melt, diffuses round the edge of the
trumpet hole to the outer wall. Such diffusion was 4. Summary and conclusions
demonstrated in accurate equilibrium pressure
measurements using Knudsen cells [6]. We found We have performed numerical simulations of
that an artificial shift in the position of the trum- GaAs layer thickness uniformity for stationary
pet hole towards the crucible orifice has a similar and rotating wafers using a number of crucible
effect on the beam profile. This supports our geometries in the V80H MBE system configura-
earlier conclusion [3] that the excellent fit ob- tion. Our calculations indicate that considerable
tained for the cells CLI and CL2 may have been improvements in layer uniformity could be
in part due to the equivalence of such diffusion to achieved if the crucible were rotated to point at
a shift of the melt level used in the calculations the centre of the wafer. Since this is expensive and
with respect to the actual one. technically difficult we investigated the use of

The experimentally obtained thickness map for crucible trumpet inserts as a simpler way of ob-
a layer grown with CL3 is shown in fig. 3a. A taining greater uniformity. Our results suggest that
comparison of the theoretical and experimental a trumpet insert may improve uniformity if it is
thickness contours are shown in fig. 3b. The maxi- rotated within the outer crucible towards the wafer
mum difference between theory and experiment is centre.
less than 2%. Note that the calculations were made
with canonical values for all the geometrical
parameters of the system except for a small 0.50 References
tilt in the trumpet insert. The trumpet was sup-
posed to be seated so that its axis was colinear 111 J.A. Curless, J. Vacuum Sd. Technol. B3 (1985) 531.
with the axis of the outer crucible but small devia- 121 T. Yamashita. T. Tomita and T. Sakuri. Japan. J. Appl.
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Miner. J. Vacuum Sci. Technol. B9 (1991) 120.

accumulation at the bottom of the trumpet (dis- 141 P.A. Maid, S.C. Palmateer, A.R. Calawa and B.R. Lee. J.

cussed above). We have also performed calcula- Vacuum Sci. Technol. B4 (1986) 564.
tions for the case of a rotating wafer. As expected, 151 L.E. Tarof. C.J. Miner and A.J. SpringThorpe, J. Electron.

the thickness profile is very similar to the one Mater 18(1989) 361;
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MBE monolayer growth control by in-situ electron microscopy

N. Inoue
NTT LSI Laboratories, Atsugi. Kanagawa 243-01. Japan

A molecular beam epitaxy/scanning reflection electron microscope/scanning electron microscope (MBE-SREM-SEM) hybrid
system is developed as an in-situ observation technique for study and control of growth of GaAs and AIGaAs. The resolution is 50
nm for SREM and 30 nm for SEM at 10 s/frame observation rate. The highest observation rate is I s/frame for SREM and 1/60
s/frame for SEM. Three applications are established: The observation of quick, transient growth processes to clarify the growth
mechanism, the measurement of material properties under actual growth conditions to understand and control growth, and growth
control by in-process monitoring, in which a micron scale lateral growth of Ga/Al monolayer is developed.

1. Introduction [4]. We have developed an MBE-SREM-SEM
system for GaAs growth [5]. The unique character

Precise growth control down to the monolayer of our system from the previous one for Si was the
is necessary for developing future devices using capability of real time observation. We established
quantum effects. Additionally, a defect control is three applications. One of the main uses is reveal-
required to improve the performance of these ad- ing the quick, transient growth processes and
vanced devices. In-situ observation of growth clarifying the growth mechanism affecting the
processes in molecular beam epitaxy (MBE) may grown crystal's morphology and quality. The pic-
provide new insights into the growth mechanism tures of these processes have been only ambigu-
and defect formation mechanism necessary for ously provided, either from in-situ but averaged
such controls. measurements over a wide surface by RHEED, or

In-situ surface reflection electron microscopy from the characterization of grown crystals.
(REM) during growth is possible in two ways. The Another use is measuring material parameters un-
original one is using a lens focusing-type electron der actual growth conditions that determine the
microscope (called REM), where the sample is growth mechanism and are necessary for develop-
embedded between a pair of objective lenses of a ing new growth technologies. The last use is growth
transmission electron microscope (TEM) [I]. Here, control by in-process monitoring.
resolution is good, but growth control is difficult In this paper, we shall outline this technique's
within a narrow space. We have applied this to a feature and show these applications. For the above
terrace grovwth study on a (100) silicon surface applications, high resolution and quick response
during annealing [2]. The other possibility is a are essential. The improvements in resolution and
Ncanning reflection electron microscopy (SREM). observation rate made recently [6] are also de-
This was first performed using TEM [3]. but was scribed.
developed using a scanning electron microscope
(SEM) [4]. The resolution of SEM is poorer than
that of TEM, but the wide sample space is favora- 2. Experimental
ble for realizing growth conditions compatible with
those in a conventional MBE system. In-situ ob- A cross-section of the instrument is illustrated
servation of Si MBE growth has been performed in fig. 1. The main difference of our system from

0022-0248/91/$03.50 "' 1991 - Eisevier Science Publishers B.V. (North-Holland)
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MBE CHAMBER resistant vertical sample holder was then devel-

• [1101 oped to take advantage of our horizontal optics.
SEM .•mrad Recently, the resolution is about 50 nm for SREM
OPTICAL COLUMN LENS SCREEN and 30 nm for SEM. The apparent resolution of

SA SAM[,,_PLE APERTURE CRT SREM for crystalline feature is 200 nm, which is
APERTURE CRT overestimated because there are no features smaller

> othan 100 nm adequate for evaluation of the resolu-

The observation rate is limited by the S/N
•kv ,,, SE /requirement. The time to obtain one frame is:

?,,/6 --0 (data acquisition time/pixel) X (number of pixels
sec/frarne in one frame). For convenience, pixel refers to the

raster line length corresponding to a resolution
Ga Al As Previously it was 10 s/frame for both SREM and

Fig. 1. The MBE-SREM-SEM system. SEM [4]. However, the real time observation was

possible: As shown later, a top end of a frame
showed a surface feature at the start of scan, while

that previously developed for Si MBE observation a bottom showed that at the end of scan. Provided
is that the optic column of the electron micro- that the surface is homogeneous, the change dur-
scope is mounted horizontally, not vertically, to ing the scan was viewed as a variation within a
the small MBE chamber, in place of a RHEED frame. Recently. a fast, high-gain amplifier has
gun. This solved the most serious problem with been developed for SREM, and observation may
GaAs. clouding of the lenses by the upward As be done at 1 s/frame. For SEM. due to the high
flux. The other difference is that an LaB6 filament yield of secondary electrons. TV rate observation
is used which is more resistive to a low vacuum is possible at the cost of resolution degradation.
with As than the previous field emission gun [4]. This quick observation contrasts to the Si MBE f41
The electron beam is scanned on the sample and GaAs MBE observation [7] typically at a few
surface while maintaining the Bragg reflection minutes per frame.
condition. The RHEED pattern is obtained on the The base pressure of the MBE chamber is about
phosphor screen, and one of the diffracted beams 2 x 10- 0 Torr. and the growth control by
is collected by the photomultiplier through the RHEED, a flux monitor and a QMS is available
aperture. The SREM image is then viewed on the using 6 Knudsen cells. In the experiment de-
CRT. A conventional SEM mode is also available. scribed here. the background As pressure was

For in-situ observation, high resolution and slightly below 10"6 Torr. Unique applications of
quick response are essential and have been real- observation in GaAs growth are to observe Ga
ized as follows 161. The resolution is primarily droplets and localized Ga monolayers on As laver.
determined by the electron probe size, but is de- which are not expected in Si MBE. Of course. the
graded by contamination of lenses by growing surface roughness change during growth are ob-
species and sample vibration. The probe size is served. The observed processes are recorded on a
limited by the required current for forming high video tape.
contrast images. When we started this study. the
resolution was 200 nm for SEM and even worse
for SREM at a beam current of I nA and an 3. Observation of transient growth processes
observation rate of 10 s/frame [51. The probe size
was then reduced to 20 nm at I x 10- " A by 3.1. Ga-Al droplet formation and annihilation
using a bright, small top LaB, filament. To sup-
press the sample vibration, the whole system was It has been suggested that Ga droplets are
set on the vibration isolation stage. The vibration- formed in As deficient growth and responsible for
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the interface roughness in a hetero-structure [8]. droplet formation by supplying Ga atoms was
However, the formation mechanism is not clear, examined [9]. It was found that Ga droplets are
because they are not detected during growth. We formed on a Ga-stabilized surface as soon as Ga
have directly observed the Ga-Al alloy droplet atoms are supplied, as shown in fig. 2a. Therefore.
formation under As-deficient MBE [5]. Next, the it is clarified that Ga on a Ga layer cannot form a

Ga droplets

- As on

a monolayer

SAs:200 MLs

aAs mounds

11gtm
lp~m

Fig. 2. Ga droplet and GaAs mound formation at 610 'C observed by SEM. The images are foreshortened in the vertical direction by
about 20 times. (a) Ga droplets (dark spots) are formed as soon as Ga atoms are supplied on a Ga stabilized surface. The gray ovals
are GaAs mounds formed by previous experimental sequences. (b) Ga droplets shrink by absorption of As. The bright bands on the

top are Ga overlayer around droplets (see section 5). (c) The droplets annihilate by absorbing As. leaving GaAs mounds behind.
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continuous film. This opposes the previous sugges-
tion from the RHEED study, but supports specu-
lation by Neave et al. [101. The RHEED study was
wrong, because it observed the crystalline phase
covering the most of the surface, while the excess
Ga atoms are gathered within the small droplets.
The droplet distance is as large as seve:al microns
and does not increase on further supply of Ga. So,
all Ga atoms arrived between the droplets are
captured by the droplets. No anisotropy was found
(foreshortening limits the sensitivity to anisotropy).
It was established that the droplets are formed
through nucleation by supersaturation of Ga
adatoms. The nucleation is diffusion limited, be-
cause the distance is inversely proportional to the
root of the supply rate [111.

It was found that the mounds are formed on
the droplets when droplets are annihilated by ab-
sorption of As. as shown in fig. 2c [9]. This is the
first hard evidence supporting the previous sugges-
tion that droplets cause roughening [8].

3.2. Surface roughening and smoothing -
Preparation of an atomically smooth surface is Fig. 3. Surface roughening and smoothing by buffer layer

growth observed by SREM (left-hand column). The corre-
essential for controlled growth of atomic layers. sponding RHEED patterns are also shown (right-hand col-

Surface roughening after growth. 20-1200 nm umn). (a) before growth: (b) roughening: (c) smoothing: (d)

thick was observed step-by-step by Isu et al. [7]. after 100 layers (4 min). Marker represents I tim.

Herc. the surface roughening and smoothing
processes by thin buffer layer growth were con-
tinuously observed in comparison to the RHEED Thus, the high-rate SREM observations provide

pattern observation. Fig. 3 shows an example. a great deal of information, such as surface feature
First, after removing the oxide, a three-dimen- size and how a smooth surface can be obtained.
sional RHEED pattern is observed. In SREM, and are more sensitive to long range surface

there are no features observed. suggesting that the roughness than RHEED.
small undulation below the resolution is on the
surface. In some growth conditions, for example a
slow growth rate at a high substrate temperature, 4. Material parameter determination during growth
a submicron scale cobbled structure appears in a
very short growth period, as shown in fig. 3b. A 4.1. Ga migration distance on a Ga top laver

particular RHEED pattern corresponds to the
surface feature. However, under adequate growth The surface migration distarce of growing
condition, surface undulation disappears by species is a very important material parameter
growth of only 100 monolayers in 4 min, as shown because it controls the growth mechanism and
in fig. 3d. During growth, the RHEED pattern affects the terrace size. So 'ar, this has been de-
changed to a 2 X 4 reconstruction, while the trace termined by RHEED oscillation under growth on

of rough features remained in the SREM image, as the tilted substrate [12]. This method cannot meas-
shown in fig. 3c. ure migration distances larger than 30 nm because
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600 T(K) 550 the terrace size in AIGaAs is usually much smaller

than that in GaAs [14].

10 4.2. Pseudo-self-limiting nature of Ga layer

x(Ar)l Ga droplet formation was examined on both
GaonGa the Ga-stabilized and As-stabilized surfaces [9].

On a Ga-stabilized surface above 510 * C, droplets
appear as soon as the Ga supply begins. On the

.0 other hand, on an As-stabilized surface below

Ga on As 510'C, Ga droplets appear after more than I
monolayer of Ga is supplied. In short, in both

-2 cases, only I Ga monolayer is stable with excess
1° Ga atoms-forming droplets [9]. This behavior is

similar to the self-limiting mechanism employed in
.3 atomic layer epitaxy (ALE) in MOCVD. Hense,10 Jthe pseudo-self-limiting nature of Ga is estab-

1.1 1.15 1.2 1.251 000/1(K) lished in MBE growth. This may be due to the

weak Ga-Ga bond and large surface tension of
Fig. 4. Migration distance of Ga on Ga. Migration distance of Ga m a Ga-Al alo la a self-lmitng
Ga on As in conventional MBE [121 is shown for compari- Ga metal [8]. Ga-A alloy also has a self-limiting

son. nature [131. This may be applicable to monolayer
growth control in GaAs/AIGaAs hetero-structure
fabrication.

a substrate has a terrace smaller than that due to 4.3. Surface stoichiometry
misorientation. It is also difficult to be applied to
an alternate supply growth. As shown above, half Surface stoichiometry determines the recon-
the distance between Ga droplets gives the lowest struction and affects the growth mechanism con-
estimation of Ga migration distance on the surface siderably. However, there has been little quantita-
covered with a Ga layer. This is a new, direct tive information [15] as there are no reliable meas-
measurement method of migration [5]. Fig. 4 shows urement methods. In our study, Ga droplets al-
an example [9]. The migration distance exceeds I ways appeared on Ga supply as soon as the surface
jtm. 2 orders of magnitude larger than the Ga changed to a Ga-stabilized 4 x 2 structure. This
migration distance on the As surface from a agrees with the free Ga formation observed in the
RHEED oscillation study [12]. thermal treatment [15]. Thus, the 4 x 2 structure

It is to be noted that the RHEED oscillation corresponds to 100% coverage by Ga. The amount
method observes the intralayer migration only. On of Ga atoms supplied until droplet formation
the other hand, Ga atoms move over many steps equals the amount of As atoms on the initial
in the present case. The interlayer migration is surface. Therefore, the surface stoichiometry or As
measured by the present method, which plays an coverage can be precisely determined by droplet
important role in obtaining the smooth surface. observation. Here, the Ga flux is calibrated by a

It was found that the Ga droplet size during RHEED oscillation period under normal MBE
normal MBE growth under Ga-rich conditions is growth. The result is shown in fig. 5 [16]. In this
as large as that in alternately supplying growth. case, measurements were performed at least several
This implies that coexisting As on the surface has minutes after the As supply was stopped. There-
little effect on Ga migration [5]. The other im- fore, surface stoichiometry without As flux was
portant result is that the droplet distance in Ga-Al obtained (background As pressure was slightly
alloy is nearly equal to that in Ga [5.9,13], because lower than 106 Tort and As evaporation might
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t.0 We found a novel growth process: when As was
C(4x4) As off supplied on the Ga-stabilized surface with drop-

lets, faint bright areas appeared in the SEM image
(top of fig. 3b). which disappeared quickly. It was
found that these were Ga layers developing later-

As ally from the droplets over the As top layer and
Coverage 2x4 covered by As again. The locally separated

0.5 coexisting Ga and As top layers were not ex-
pected, but observed by both SEM and SREM.

To establish complete monolayer growth, con-
3trol by in-situ monitoring was used. An example

3s1 of avoided condition is the continuous or more
than I monolayer supply of As atoms, where the
As covers the Ga overlayer and suppresses further

4x2 lateral growth. and introduces mounds on the

600 700 droplets (fig. 3). An insufficient Ga supply also
Temperature( .0 results in incomplete coverage. Finally, the com-

Fig. 5. Surface coverage of As without As flux. On supply of plete lateral growth of a Ga monolayer from a Ga

Ga. droplets appear as soon as a 4 X 2 reconstruction is devel- droplet over a micron is realized by the following
oped. which is considered to be 100% Ga coverage, procedure.

The surface topography change is reproduced
be negligible before droplet formation). It is nota- in fig. 6:
ble that the surface stoichiometry is not uniquely (a) Ga droplets are formed by a supply of excess
determined by the reconstruction, but As coverage Ga.
decreases monotonically with the temperature in- (b) As is supplied for I monolayer in a short
crease. This is probably due to accelerated As pulse. Then, the surface darkens, showing the
evaporation at high temperature. Maximum As coverage by As. Bright areas. Ga monolayers.
coverage on a 2 x 4 reconstructed surface is 75%, appear around the droplets and begin to extend.
which confirms the missing dimer model 117] and (c) Finally bright areas cover the entire surface,
suggests that this new measurement method is leaving shrunk droplets.
reliable. The measurements were also performed The growth model is shown in the right hand
immediately after As was stopped. Here, the side of the figure.
surface stoichiometry under As flux could be ob- (bl) When the surface is covered by As. it is
tained so long as the As evaporation was negligi- possible for Ga atoms in the droplets to find
ble. In this case, the As coverage was always stable As sites. They come off the droplets and
higher than that shown in fig. 5 [16]. attach themselves to the nearest As atoms.

(b2) The Ga atoms that follow migrate over the
new Ga overlayer until they reach the As layer.

5. Contro: of lateral growth of a Ga monolayer by Since migration occurs on a Ga layer. the migra-
in-process monitoring tion distance is very large.

(c) This process continues until the surface is
As described earlier, it was found that the Ga completely covered by Ga. Growth is stopped by

top layer has two advantageous characteristics for the self-limiting mechanism.
atomic layer controlled epitaxy; (1) a pseudo-self- It takes about 10 s for complete growth. From
limiting nature and (2) a large Ga atom migration material property point of view, the lateral growth
distance. Based on these, a new growth method is provides information concerning the Ga migration
developed: a micron scale lateral growth of a Ga in a time domain for the first time.
monolayer over an As top layer [181. It is remarkable that the monolayer size ob-
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(a) (biGa- As

"-J G a droplets 
G a

(b) (2) slayer

Ga monolayers ' 41

As r

(C)

- Ga monolayer

mi

5 pm

Fig. 6. Lateral growth of a (a monolayer observed b% SEM with schematic illustrations. (a) (ia droplets (dark dots on Ga top layer.
Dark horizontal band in the left side is a marker for focusing. (h) 0 s (top to 5s (bottom) after As suppl,. Dark areas are As top
laser and the bright areas around the droplets are laterallN growing Ga monolavers. The size increase toward bottom reproduces the
growth histor of monolayer islands. tc) 15 s (top) to 20 s (bottom) after. Complete coverage bv (a monolayer leaving tin, droplets.

tained here is two orders of magnitude larger than supplied only a few seconds after As is supplied.
the terrace size realized so far [13]. We also ob- What takes place then? From the present result it
served micron-scale lateral growth of Ga-Al alloy is clear that Ga lateral monolaver growth is still
monolayer (141. This new growth technique is going on then. The additional supply of Ga results
promising for atomic layer controlled growth for in the simultaneous growth of lateral growth from
hetero-structures. droplets on the one hand and -normal" growth on

Now, lateral growth of monolavers and migra- the other hand. It is to be noted that in the latter
tion enhanced epitaxy (MEE) [191 are compared growth. the Ga atoms migrate over the As laver.
briefly. First, it is to be noted that when MEE is whose migration distance is much smaller than
performed at high temperatures where the surface that on Ga. Therefore. the nucleation-and-growth
As coverage is less than 100 without As flux. I takes place there.
monolayer supply of Ga results in the formation
of droplets like the present case. Therefore the
growth model given previously must be modified 6. Summary
taking into account the droplet formation, espe-
cially in the case of more than 1 monolayer supply An MBE-SREM hybrid system for in-situ ob-
of Ga atoms. Next, in MEE, Ga is generally servation of GaAs growth is outlined. A few ex-
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Surface diffusion length observed by in situ scanning microprobe
reflection high-energy electron diffraction

Masayuki Hata. Akiyoshi Watanabe * and Toshiro Isu
Optoeletrimics Technolog Research LaboratorY 5-5 Tohkodai, Tsukuba, Ibaraki 300-26. Japan

The dependence of surface diffusion phenomena of Ga adatoms on As flux during molecula- beam epitax% is investigated.
Variations of growth rates of GaAs layers grown on the (001) surfaces adjacent to the (I 11) surfaces were measured by scanning
microprobe reflection high-energy electron diffraction. The surface diffusion length is derived from the variations of the growth rates.
It is found that the surface diffusion length of the Ga adatonm becomes larger under lower As flux.

1. Introduction estimated that the diffusion lengths of Ga adatoms
along the [110] and along the [I10 directions were

The surface diffusion phenomenon during about I and 8 rn at 560'C. respectively 15.6].
molecular beam epitaxy (MBE) growth has re- In this study, the dependence of surface diffu-
cently received a great deal of attention. It is sion length of Ga adatoms on As flux is investi-
known that growth rates of layers grown by MBE gated. Distributions of growth rates of GaAs layers
on the (001) surface adjacent to the (111) surface grown by MBE on mesa-etched GaAs wafers are
vary with the distance from the edge of the (11 I) measured by scanning microprobe RHEED. The
surface [1--61. This is explained by analysis of the surface diffusion length is derived from the distri-
surface diffusion of Ga adatoms from or to the bution of the growth rates.
neighboring (111) surface. Consequently. the
surface diffusion length on the (001) surface can
be determined by measuring the variation of the 2. Experimental
growth rates on the (001) surface adjacent to the
( 111 ) surface. The growth apparatus used in the present work

It is well known that the intensity of reflection was described elsewhere [8]. GaAs MBE growth
high-energy electron diffraction (RHEED) oscil- was carried out on the (001) substrate with mesa-
lates with a period corresponding to the periodic grooves along the 1110] direction, whose depths
changes of the morphology of the growing surface were about 2 um. The mesa-grooves were formed
on the atomic-scale during MBE growth [7]. Scan- by chemical etching using HPO4 : H,O,: H,O
ning microprobe RHEED makes it possible to (4:1:1) solution: they had (I11)A sidewalls. The
measure the distribution of growth rates in a whole substrate was heated at 570 0 C under arsenic pres-
scan area simultaneously, because the growth rates sure for surface cleaning. The growth temperature
can be measured from periods of this RHEED monitored by an infrared pyrometer was 550'C.
intensity oscillation according to growth at each The growth rate of GaAs on the surface far from
point in the area. From the distributions of the the edge of the (111) surface was about 0.1 nm/s.
growth rates measured by this method it was The amount of Ga flux on the (Ill )A surfaces was

60% of the amount on (001) surface because of the
• Present address: Central Research Laboratory. Hitachi. Ltd.. different incident angle of the flux. The flux of

Kokubunji. Tokyo 195. Japan. arsenic was in the range of 2.8 x 10 '-7.8 x 10 a
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Pa on a beam flux monitor. The RHEED patterns tions of the photograph represent the 1110] and
of the (001) surface showed the (2 x 4) reconstruc- [110] directions, respectively. Because of the small
tion of As-stabilized surface before MBE growth. glancing angle of the incident electron beam, the
A buffer layer of a few tens of nm thickness was length along the vertical direction is reduced by a
grown, before distributions of the growth rates factor of about 1/20 in comparison with that
were measured. along the horizontal direction. The vertical direc-

Scanning reflection electron microscope tion also acts as time axis, because the scanning
(SREM) images were obtained by using the inten- speed along this direction is much slower than
sity of the specular beam spot of the RHEED that along the horizontal direction. It is seen in
pattern for the (001) surface. Fig. la shows a fig. la that horizontal stripes appear in the image
typical SREM image during the growth of the of the upper (001) surface after the start of the
GaAs surface near the edge of the (11l)A surface MBE growth denoted by the arrow. Fig. Ic il-
illustrated in fig. lb. The incident electron beam is lustrates a schematic drawing of the SREM image
in the [1101 azimuth at a glancing angle of I '. The shown in fig. Ia. The stripes appearing on the
brighter area on the right-hand side of the photo- (001) surface correspond to RHEED intensity
graph is the image of the upper (001) surface and oscillations, as shown in fig. Id. Intervals between
the darker area on the left-hand side is that of the the stripes represent periods of RHEED intensity
(Ill )A sidewall. The horizontal and vertical direc- oscillations. The growth rates at points of e. f. and

lame

'00c

le 
ref

I 

,

Fig. 1. (a) SREM image of the GaAs surface during growth on the (001) surface near the edge (if the 0 I )A surface. () Schematic

ofe. f. 
and g in 
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g in fig. lb are derived from the RHEED intensity 2

oscillations of e, f, and g in fig. Id, respectively.
When the RHEED intensity at a particular point E
in the scan area is observed, the growth rate at the
point is measured in real time from its oscillation
period. This measurement takes a growth of only a (3 x 1) (2 x 4)

z
about ten monolayers. Scanning microprobe w
RHEED makes it possible to measure growth 1
rates in a whole scan area simultaneously. 0

CD
U0 0

3. Results U

Fig. 2 shows relative increases in the growth
rates on the (001) surface near the edge of the
(111)A surface as a function of the distance from 0 100 5 1
the edge under various conditions of As flux. The
RHEED patterns of the (001) surface under the As FLUX (10- 4 Pa)
condition of As flux of 2.8 x 10-4 Pa showed the Fig. 3. Surface diffusion lengths as a function of As flux. The

(3 X 1) reconstruction during MBE growth. Under dashed line indicates the (2 x 4) to (3 X1) phase transition of
the conditions of As flux higher than this. the the surface reconstruction.

surface keeps showing the (2 x 4) reconstruction
during MBE growth. The relative increases in the Ga adatoms incident on the (001) surface are
growth rates decrease exponentially with the dis- not desorbed under the usual growth condition. If
tance from the edge. Ga adatoms are diffused from the neighboring

(111) surface to the (001) surface, the distribution
of the growth rate on the (001) surface varies with

10-2 the distance from the edge of the (111) surface.
R e 6.2 x 10- Pa When the Ga flux is supplied with density J and

E a 4.2 x 10 4 Pa the Ga adatoms flow from the (111) surface with
S density 1. the distribution of the growth rate R

s 2.8 x 10-4 Pa near the edge is given by

R =J+ xexp - . (1)

0 where x and X are the distance from the edge of
a 0 the (111) surface and the surface diffusion length

z of Ga adatoms, respectively [6]. Eq. (1) shows that

tW the relative increase in growth rate decreases ex-
ponentially with the distance from the edge. The

W surface diffusion length A is, therefore, derived

tO from the dependence of the growth rate on theZ 10.3  _ distance from the edge of the (111) surface x.

0 1 2 The gradient of the relative increase in the

DISTANCE FROM EDGE (pom) growth rates as shown in fig. 2 corresponds to the
Fig. 2. Relative increases in growth rates on the upper (001) inverse of the surface diffusion length of Ga along
surface as a function of the distance from the edge of the the 11101 direction. Fig. 3 shows the diffusion

(III)A surface, lengths as a function of As flux. The dashed line
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indicates the (2 x 4) to (3 x 1) phase transition of The surface diffusion length derived by observing
the surface reconstruction. The diffusion length the transition of the growth modes would be un-
becomes larger under lower As flux. In particular derestimated.
the surface diffusion length changes abruptly. Van Hove and Cohen reported that the surface
when the phase transition of the surface recon- diffusion length on the (2 x 4) surface did not
struction occurs. Because As is easily desorbed at vary with As flux [12]. They, however, derived the

the growth temperature, surface coverage of As surface diffusion length from the transition of the
decreased with decreasing As flux. The 3 x streak growth mode. It should be thought that they did
has been reported in the (I X 6) pattern in low-en- not measure the diffusion length, but the maximal
ergy electron diffraction [9]. The (3 x 1) surface diameters of the 2D nuclei. Therefore, the surface
observed in this work seems to correspond to this diffusion length observed in this work does not
surface, because it is difficult to confirm the x 6 necessarily show the same dependence on As flux
pattern with the scanning gun. The (3 X 1) surface as the result derived by Van Hove and Cohen.
is more As-deficient than the (2 x 4) surface, and
more As-rich than the (4 x 2) surface. This sug-
gests that the lower surface coverage of As makes 5. Conclusion
the surface diffusion length of Ga adatoms larger.

The dependence of surface diffusion length of
4. Discussions Ga adatams on As flux was investigated. It was

found that the surface diffusion length becomes
larger under lower As flux. In particular. the

Horikoshi et al. performed AIGaAs growth in lre ne oe sfu.I atclr h
Hleraingoue supproe i c growh InI surface diffusion length changes abruptly with the

altenatng oure sppl mod inwhih goupIII (2 × 4) to (3 x 1) phase transition of the surface
elements were provided under no As flux [10]. reconstruction.

They reported that hetero-interfaces grown in this

mode were flatter than those grown by conven-
tional MBE method. They estimated that the large
surface diffusion length caused the flat hetero-in- Acknowledgements
terfaces. The longer diffusion length on the (3 x 1)
surface supports their result. The authors would like to thank Drs. 1. Hayashi
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length of Ga adatoms on GaAs surfaces by ob- continuous encouragement.
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A reflection high-energy electron diffraction study of growth processes
at step edges during molecular beam epitaxy of GaAs and AlAs

Hiroshi Tsuda and Takashi Mizutani
Fundamental Research Laboratories, NEC Corporation, 34 Miyukigaoka. Tsukuba. Ibaraki ?05, Japan

We have investigated molecular beam epitaxy of GaAs and AlAs on highly misoriented GaAs(001) substrates with reflection
high-energy electron diffraction (RHEED). The substrate orientations studied are (117)A and (119)A. Facet-like structures are
formed on GaAs surfaces under As stabilized conditions either during growth or during growth interruption. However. such
structures disappear when AlAs is grown on these surfaces. Moreover, the surfaces without facet-like structures are maintained after
AlAs growth is interrupted. This suggests not only the step flow growth of AlAs but also the stabilization of Al atoms on the surface.
which is attributed to the stronger bonding of AlAs. On the other hand, the facet-like structures during GaAs growth shows the
migration of Ga atoms across the step edges because of the weaker bonding of GaAs. The surface without facet-like structures during

GaAs growth with a slightly insufficient As 4 flux are related to small As coverage on the surface.

I. Introduction stabilized GaAs surfaces. However, no such struc-
tures were observed on AlAs surfaces. This is

Molecular beam epitaxy (MBE) is one of the interpreted from the viewpoint of the growth be-
most fundamental techniques in fabricating semi- havior.
conductor thin films. Understanding its growth
mechanisms can help in intentionally fabricating
such controlled structures as tilted superlattices 2. Experimental
[1]. Reflection high-energy electron diffraction
(RHEED) is a useful in situ technique to monitor RHEED observations were conducted in a con-
the surface during MBE growth. From RHEED tinuous cycle of growth and growth interruption
studies, it has been revealed that Al is much less with the observed azimuth fixed. AlAs layers were
mobile than Ga on the GaAs(001) surface [2]. grown on GaAs surfaces, while GaAs layers were
Similar results were reported concerning migra- grown on GaAs surfaces and AlAs surfaces. The
tion-enhanced epitaxy (MEE) [3]. Lateral growth electron primary energy was 12.1 keV. A high-
studies also suggested the small diffusion length of sensitivity SIT (silicon intensified target) TV
Al [4]. camera was used for observation with video sig-

As almost all growth seems to proceed at the nals recorded by VTR (video tape recorder). The
step sites or kink sites. misoriented surfaces pro- RHEED patterns presented in this paper are ob-
vide information concerning growth fronts and servations made after changes. if any. had been
step properties. Step properties on vicinal surfaces completed. The time needed for change corre-
concerning MBE have been studied by using sponded to about one layer growth for GaAs and
RHEED [5-101. about two layer growth for AlAs.

In this paper, we observed RHEED patterns of The samples used were n'-GaAs (117)A and
two highly misoriented GaAs(001) substrates in (119)A substrates. These were misoriented (001)
order to study the growth behavior of GaAs and substrates inclined at 11.40(117) and 8.9'(119)
AlAs during MBE growth and growth interrup- toward [110] azimuth, and were expected to have
tion. Facet-like structures were observed on As Ga atoms at the step edges. Before being loaded

0022-0248/91/$03.50 F 1991 - Elsevier Science Publishers B.V, (North-Holland)
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into the MBE chamber, they were degreased with
an organic solvent by ultrasonic cleaning, followed
by chemical etching by 7H 2SO4 : 2H 20, :2H20
solution at around 60 'C. After deoxidation under
As4 flux at 650 ° C, an undoped GaAs buffer layer
of about 3000 A thickness was grown on each
substrate at 600 0 C.

Growth rates were 0.8 Mm/h for GaAs and 0.1

,um/h for AlAs. Substrate temperature (Tu,) was
fixed at 600'C. An As4 flux of (1.5 ± 0.2) X 10 - 5

Torr monitored at the substrate growth position
was applied for GaAs and AlAs growth. This is a
usual amount for an As stabilized (2 x 4) RHEED
pattern maintained on the GaAs(001) surface dur-
ing GaAs growth with this growth rate and T,.
An examination was also made of an As4 flux of
(4.5 ± 1.5) x 10" Torr, which is a slightly insuffi-
cient amount for GaAs growth where the transient
from a (2 x 4) to a diffused (3 X 1) begins to occur
on the GaAs(001) surface during homoepitaxial
growth with the same growth rate and Tu,.

3. Results and discussion
Fig. 1. RHEED patterns of (117) substrate observed at the

Fig. 1 shows RHEED patterns of GaAs surfaces [1101 azimuth under insufficient As conditions: (a) GaAs

on the (117) substrate observed at the [1i0] surface during growth interruption: (h) GaAs surface during

azimuth under 4.5 x 10 -" Torr of As4 flux. The growth. Averaged streak positions are indicated by arrows. (a)

incidence plane of the primary electrons was al- Suggests the existence of a rather disordered facet.

most parallel to the step edges. The streaks before
growth (fig. Ia) were slightly more diffused than
those during GaAs growth (fig. lb). After growth that expected for an ideal (117) surface. This
was interrupted, the pattern immediately became shows the existence of a nearly ideal (117) surface,
the same as that shown in fig. Ia. The existence of because the spacing of streaks corresponds to the
streaks in both figures demonstrates broadened step edge interval [1 and the direction of two-di-
two-dimensional reciprocal lattice rods, which re- mensional lattice rods represents the face azimuth.
sult from many irregularities along the step edges. Yet, the averaged spacing in fig. Ia was about 1.3
Nevertheless, there is no doubt that the GaAs times larger than that seen in fig. lb. Moreover, in
surface durirg growth is somewhat more ordered fig. la the streaks were not perpendicular to the
than that during growth interruption. Furiicr- shadow edge. but were at an angle of about 3'
more. there were no three-dimensional islands of relative to those in fig. lb at this azimuth. This
significant size on the surface, because patterns of shows that a facet-like structure appeared on the
electrons transmitted through the 'ulk were ob- GaAs surface during growth interruption. It was
served before buffer layer growth )ut disappeared (115)-like, but was not an exact (115) facet be-
after it. cause the angle should be 4.4' if an exact (115)

The streaks in fig. lb were almost perpendicu- facet was formed on the (117) surface. (In this
lar to the shadow edge of the substrate, while the study, the error of angle measurement on RHEED
averaged spacing of the streaks was the same as patterns was at most half a degree for averaged
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streaks.) On the other hand, it was neither a (114) the step edges before they are incorporated into
facet nor a (116) facet based on the spacing of the the crystal lattice. This result is consistent with the
streaks and their incline. SEM [131 and scanning IARHEED [14] studies on

During GaAs growth with 1.5 x 10 - Torr of patterned substrates.
As4 flux, RHEED patterns of the (117) substrate The maintenance of the surface without facet-
showed the facet-like structure, and were the same like structures during growth with an insufficient
as those during growth interruption (fig. la). Fur- As4 flux can be explained by the small As cover-
thermore, when the growth rate of GaAs was age on the surface. MEE studies [15] revealed that
reduced to 0.1 pim/h, the patterns during growth Ga atoms migrate over a longer distance under
were also the same as fig. la and showed the insufficient As conditions than under As stabilized
facet-like structures even though the As4 flux was conditions. In other words, they are less willing to
4.5 x 10 - 6 Torr. Under the same conditions, an be incorporated into the crystal under insufficient
As stabilized (2 X 4) RHEED pattern was main- As conditions. Therefore, the observed suiface
tained on the GaAs(001) surface during growth. without facet-like structures is stable under these
This implies that an As stabilized condition is conditions due to the minimization of surface
essential to the formation of the facet-like struc- energy.
ture on the GaAs surface. The minimization of Fig. 2 shows RHEED patterns of (a) GaAs
surface energy would be the driving force of the surface before growth and (b) AlAs surface during
formation, in the same way as when surface recon- growth, observed near the [1101 azimuth for the
struction takes place on singular surfaces. (117) substrate under 1.5 x 10 - Torr of As4 flux.

In contrast, the facet-like structure disappeared (Observation at a few angles off the [110] azimuth
only during growth of GaAs with a slightly insuf- made the difference clearer.) The patterns under
ficient As 4 flux, but was easily recovered under 4.5 X 10 6 Torr of As4 flux were the same as in
the same As 4 flux after growth was interrupted, fig. 2. The pattern of the GaAs surface (fig. 2a)
Therefore. the surface without facet-like structures shows the facet-like structure as described above.
observed on the (117) substrate is caused by the where the streaks were not perpendicular to the
structural changes related to a small As coverage shadow edge and the averaged spacing of the
on the surface. The surface without facet-like streaks was larger than that expected for an ideal
structure corresponds to the vicinal surface whose (117) surface. In contrast, the streaks in the pat-
terrace length fluctuations are reduced under an tern during AlAs growth (fig. 2b) were almost
As insufficient stoichiometry [6.8]. The minimiza- perpendiPular to the shadow edge. and the aver-
tion of surface energy would be also the driving aged spacing of the streaks was the same as that
force in this case. expected for an ideal (117) surface. This shows

The reason why the facet-like structure is main- that the facet-like structure disappears when AlAs
tained on GaAs surfaces during growth under As growth is started on the GaAs surface in spite of
stabilized conditions is explained by the growth the reduced growth rate. The stronger bond en-
process at the step edges. that is. the migration of ergy of AlAs would have Al atoms, reaching step
(ia atoms across the step edges. The Ga diffusion sites, firmly incorporated into the crystal lattice
length on GaAs(001) terraces can be estimated at even under As stabilized condition. Therefore, the
least to the order of 100 A in this situation [121. initial growth of AlAs on this surface can be
Thus, all Ga atoms are apparently able to reach interpreted in terms of step flow growth.
the step sites on this highly misoriented substrate, After AlAs growth was interrupted. RHEED
and two-dimensional nuclei do not form. If Ga patterns observed for the (117) substrate were the
atoms are easily incorporated into the crystal same as those during AlAs growth. This confirms
lattice at the step sites, then step flow growth must that Al atoms are not so mobile on the AlAs
take place and the facet-like structure must disap- surface, while Ga atoms are so mobile that they
pear. However, the facet-like structure is main- easily leave the step sites and change the surface
tained. Therefore, Ga atoms must migrate across structure. This can be attributed to the bonding of
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growth and the AlAs surface during growth. The
pattern of the AlAs surface during growth inter-
ruption was the same as that during AlAs growth

Fig. 2. RHEED patterns of (117) substrate observed near the
I11101 azimuth under sufficient As conditions: (a) GaAs surface
during growth interruption: (b) AlAs surface during growth.
The ,hado, edge i, parallel to the horitontal edge of the
photograph. Averaged streak positions are indicated by arrows.

(a) Suggests the existence of a rather disordered facet.

AlAs which is stronger than that of GaAs [16].
The interpretation tn terms of differing bond en-
erg\ is consistent with the mechanism of coherent
tilted superlattices [17]. Although these super-
lattices were made by migration-enhanced epitaxv,
the Al atoms were captured more easily at the step
sites than the Ga atoms because of the stronger
bonding of AlAs.

The trend of the (119) . tbstrate was quite
similar to that of the (1 17) substrate except for the
patterns of (iaAs surface under As stabilized con- Fig. 3. RHEED patterns of (119) substrate observed near the

ditions. Fig. 3 shows RHEED patterns of the f1|O azimuth under insufficient As conditions: (a) GaAs

(119) substrate observed near the [1101 azimuth surface during growth interruption; (b) GaAs surface during

under 4.5 X 10 6 Torr of As4 flux. Figs. 3a. 3b growth: (c) AlAs surface during growth. The shadow edge is
parallel to the horizontal edge of the photograph. Two differ-

and 3c correspond to the GaAs surface during ent spacings in the right part of (a) show the existence of a

growth interruption, the GaAs surface during rather complicated domain.
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(fig. 3c). Furthermore, under 1.5 x 10-5 Torr of stronger bonding of AlAs would cause the step
As4 flux, the patterns of GaAs were the same as flow growth of AlAs. In addition, the surfaces
seen in fig. 3a and those of AlAs were the same as without facet-like structures during GaAs growth
seen in fig. 3c. with a slightly insufficient As 4 flux were de-

There were at least two different spacings in the termined to be related to small As coverage on the
streaks as shown in fig. 3a, with the streaks being surface.
perpendicular to the shadow edge. This suggests
that a complicated domain forms on the (119)
substrate because one of the spacings does not Acknowledgment
seem to have the coincident relation to that ex-
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Modulated molecular beam study of group III desorption
during growth by MBE
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D~irect measuremnents of (6a and In desorption rates from GiaAs and InAs were made using modulated beam mass spectrometr%
0I\ISt. 1150 distinct temperature dependences of' In desorption front InAs were sibsersed. One is shown to he independent of
surface In adatom population. The other is shown to he dependent on In adatoin population. TheN are the rate limiting processes at
different teniperatur-- regions and are independent of tine another. We suggest the latter is due to In clusters on the surface. ' nder
As - 6a desorption is largely dominated bi, a surface adlatorm independent prorcess. However. there is a surface Ga adatom dej'csdent
contribution at low temperatures under A,..

1. Introduction RHEED intensity oscillations 121. the requirement
of preciselv orientated substrates restricts the ap-

The desorption (if group III elements during plication of this method to the investigation of
molecular heam epitaxy (MIBE) of III- V semicon- desorption from growing surfaces. The MBMS
ductors is of great importance in the control of the technique can be applied to either Langmuir
thickness and composition of the structures grown. evaporation or growing surfaces. The absolute rate
There are two main techniques used in the study measurements can be achieved by calibration using
of this phenomenon. One is to observe the temper- the RHEED intensity oscillation method.
ature dependence of the grow.th rate and infer the Ga desorption from GaAs and (AI.Ga)As has
desorption rate [1.21. The other is to measure the been studied extensively. Using RHEED, the
desorption flux directly using modulated beam activation energies for desorption under Langmu11ir
mass spectrometry (NIRMS) [3]. Measurement of evaporation and ojuring growth were measured as
the growth rate can he achieved in-situ by 4.7 and 4.6 eV, respectively 11.2]. This is in agree-
the reflection high energy electron diffraction ment with the result of Heckingbottonfs calcula-
(RHEED) intensity oscillation technique [4] or tion based on a thermodynamic approach 161.

ex-situ by layer thickness measuremelis [5]. Al- However, there have been conflicting reports on
though the desorption rate under Langmuir free the influence of other growth parameters such as
evaporation can he measured directly using the arsenic flux and presence of Al on the Ga

tXt22-t)24/9I/S03,50 1991 Elsevier Science Publishers B.N. tNorth-IHolland)
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desorption rate. Some RHEED obsei vations have 2. Experimental technique and results
shown no dependence on the presence of Al and
arsenic flux [7], whereas a recent non-modulating The experimental facility consists of a purpose
mass spectrometric measurement has shown a re- built MBE system and MBMS electronics. The
duction in desorption rate as well as reduction in MBE system is diffusion pumped with solid
activation energy due to presence of Al at high sources of Ga. Al. In and As. The solid arsenic
temperatures [8.91. Our recent results [101 have source has a hot "'cracker" so either As. or As 4
shown no dependence on arsenic flux and no can be supplied by varying the temperature of the
significant difference between the Langmuir cracker. There are also gas sources available
evaporation and evaporation during growth of though they are not used in this study. The detec-
GaAs and (AI.Ga)As at high temperatures tor used is an EAI quadrupole mass spectrometer
(690 oC). However, there is clear evidence of a housed in a liquid nitrogen cooled tank. The ioniser
difference in the desorption rate between the has direct line of sight to the sample through a
growing and static surface at the relatively low modulator and is otherwise exposed to liquid

temperature of 6300C. nitrogen cooled surfaces. The MBMS electronics
There have been few reports on the study of In include a custom-built multichannel scaler. de-

desorption from InAs and (Ga.ln)As (11.12]. Evans scribed in a previous publication [13].
and co-workers [121 recently measured the desorp- The molecular bean fluxes used in the experi-
tion rate of In from InAs over the temperature ments were set as follow\s:
range of 550-615'C and obtained an activation
energy of 4.0 eV. Their experiment, were per- J(, = 3.1 X 1014 cm 2 s
formed at relatively high temperatures and an As 4  - 3.1 x 104cm
flux in excess of 10'5 cm 2 s 1 was used.

Here we report on measurements of the desorp- J = 5 x I10 " cm s (for GaAs).
tion rate of group III elements from (001 ) surfaces
of GaAs and InAs using the MBMS technique. J.\ - 5 X lt cm -s (for GaAs).
Both Langmuir evaporation and evaporation dur-
ing growth are investigated. J\= 6.2 X 10 cm -s (for lnA).

6.0

Ga shutter open
A i A Ga shutter closed

5.0

0

4.0

3.0

E<

2.0

0
-J

1.03 1.05 1.07 1.09 1.11

1000 / T (K")
Fig. t. Measurements of the desorption rate of Ga from GaAs under langmumr esaporation and MBI growth conditions using A-s,.
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Fig. 2. Measurements of the desorption rate of Ga from GaAs under Langmuir evaporation and MBE growth conditions using As,.

These fluxes, including As-. and As, were mea- surfaces. Before measurements of Langmuir evap-
sured using RHEED intensity oscillation [4,14]. oration were taken. GaAs or InAs was grown for
The substrate temperature was measured bv a 10 min at 580 and 430' C. respectively. The sub-
thermocouple calibrated with a radiation pyrome- strate was then set to the desired temperature and
ter. The In desorption experiments were per- allowed to settle. The measurements during Lang-
formed on fully relaxed lnAs grown on GaAs(001) muir evaporation and during growth were taken

*In shutter open
*) 4.0 A In shutter closed

_ 0

C. 2.0

00

0.0
1.30 1.32 1.34 1.36 1.38 1.40 1.42

1000 /T (K)
Fig, 3. Measurements of the desorption rate of In from InAs under Langmuir evaporation and MBF growth conditions, using As.
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sequentially. The results are shown in the follow- ergy of process A agrees with that measured by
ing three figures. Evans et. al. [12] at higher temperatures during

The logarithmic (natural) desorption rate of Ga growth. The agreement of this activation energy
from GaAs surfaces maintained by a constant flux and the reduction of the difference in desorption
of As. molecules is plotted against inverse tem- rate between Langmuir evaporation and growth
perature in fig. 1. Both Langmuir evaporation and with increasing temperature suggest that process
growing conditions are shown. There is little dif- A is the same as the one observed by Evans [121.
ference in the desorption rate between the two The value of 4.0 eV for the activation energy
cases and the activation energy for desorption is indicates that the process involves the dissociation
approximately 4.0 eV. Similar experiments were of InAs. Therefore. at temperatures above those
performed on a GaAs surface using As 4 and the covered by the present experiment, the difference
results are shown in fig. 2. In this case the desorp- in desorption rate during Langmuir evaporation
tion rate during growth was generally higher than and during growth would become insignificant. At
that under Langmuir evaporation. Activation en- lower temperatures, the desorption rate of In dur-
ergies of 2.9 and 3.6 eV were obtained for growth ing growth is much larger than the corresponding
and Langmuir evaporation. respectively, rate under Langmuir evaporation conditions. The

Fig. 3 shows the desorption data of In from an activatioi, energy is. however, slightly lower than
InAs surface maintained by a beam of As, mole- in process B. If the desorption mechanism is the
cules. In the case of Langmuir evaporation, two same, then the large difference in desorption rate
different temperature dependences are clearly suggests that process B is dependent on the surface
shown. From temperatures of 460'C upwards. a In adatom population. The likel, source of In is
rate limiting process with an activation energy of therefore small In clusters.
4.0 eV exists, whereas a different process with The desorption rate of Ga from GaAs under an
activation energy of 0.8 eV exists below 460'C. As, beam did not show a significant difference
Under growth conditions, the desorption rate is between Langmuir evaporation and growth. The
generally higher than the Langmuir evaporation activation energy obtained is similar to that ob-
case. Towards the high temperature region covered tained using the RHEED technique [1.21. The
in this experiment, the relative difference between corresponding rate limiting process is therefore

the growth and Langmuir evaporation conditions independent of the surface Ga adatom population.
is reduced compared with the low temperature With an As4 beam however, a lower activation
region. energy is observed and the desorption rate from a

growing surface is higher than that from a static
surface. The difference between the two surfaces.

3. Discussion as in the case of InAs under As. reduces when
the temperature is increased. The activation en-

The results of In desorption during Langmuir ergy is also influenced by the introduction of a Ga
evaporation exhibit two different temperature de- beam. Therefore the desorption process must be
penden.:es at temperatures above and below dependent on the surface Ga population. If Ga
460'C. Let the two rate limiting processes with behaves in a similar way to In over InAs beloA
activation energies of 4.0 and 0.8 eV be called A 4600C. then the corresponding Ga desorption
and B. These two processes must be independent mechanism could also be due to clusters of Ga on
of one another. That is, they are not different the surface.
processes in the same In desorption path. If the The desorption process which is dependent on
contrary is true. then process B should have been the surface adalom population is dominated by
the rate limiting step at temperatures above 460 0 C other independent processes at high temperature.
since its projected rates at those temperatures are This could explain why the Ga desorption rate is
much smaller than those observed and process A dependent on arsenic overpressure and Al flux at
would not have been present. The activation en- high and low temperatures [13].
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4. Summary Sakamoto and M. Kawashima. AppI. Phys. Letters 47
(1985) 286.
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Correlation between the dampening of RHEED oscillations
and the photoluminescence of quantum wells in the presence of AsO

Thomas R. Block and B.G. Streetman

Department of Electrical and Computer Engineering, Microelectronics Research Center. The Universaly of Texas at Austin. Awtin.
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We have intentionally introduced AsO during the growth of GaAs and AIGaAs to study its effects on the dampening of RHEED
oscillations and the photoluminescence (PL) of quantum well (QW) structures. The amount of AsO was found to increase as the

temperature of the cracking section of our As source was increased. The dampening of the RHEED oscillations for GaAs and
AIGaAs were studied as the amount of AsO was increased. We found that the dampening of the AIGaAs increased with increasing
AsO concentrations. Little effect was found upon the dampening of the GaAs. PL of QW samples grown with increasing AsO
dtsplaed a dramatic decrease in the integrated intensity and an equally dramatic increase in the transition linewidths. After reducing
the AsO contamination, the experiments were repeated. The RHEED dampening became essentially independent of the cracking
section temperature. The PL of the QW layers was also dramatically improved. However, the PL still displayed a trend toward lower
integrated intensity and larger linewidths as the cracking temperature was increased. PL is thus an extremely sensitive tool for
determining the presence of AsO at low levels in an MBE system.

1. Introduction 2. Experiment

Molecular beam epitaxy (MBE) is a well known The samples in this study were grown in a
crystal growing technique used in the production Varian Gen II MBE system using a cryopump on
of compound semiconductor devices [1]. Ex- the growth chamber instead of an ion pump. Sam-
tremely important to MBE is the in situ monitor- pie substrates consisted of 5 mm squares of (100)
ing of growth processes by reflection high energy undoped semi-insulating GaAs. A two-zone As
electron diffractton (RHEED) 121. RHEED is cracking source developed in our laboratory was
routinely used to measure the growth rate and the used to supply As, during growth [9]. The sub-
column V to column III flux ratio [3.41, and has limator zone of the source was loaded with Fur-
also been used to optimize the growth of quantum ukawa 7N As granules. The Ga flux was supplied
well (QW) structures by monitoring the average by a stock Varian 40 cc cell loaded with Alcan 8N
(damped) iatensity 15,61. Another aspect of the Ga. The Al flux was supplied by a custom built
RHEED intensity oscillations which may be used hot-lipped 16 cc cell loaded with a single crystal
as a diagnostic tool for crystal growth is the Atomergic 6N Al ingot. The system was then
dampening of the oscillation [7,81. As part of a baked for four days while the cracking section was
study of the dampening of the RHEED oscilla- kept at around 600'C. During the process of
tions. we examined the effects AsO would have on growing a series of quantum well (QW) structures.
the growth of GaAs and AlGaAs. These data a degradation in the PL of these structures was
could then be compared to photoluminescence noted as the cracking voltage was increased. A
(PL) data which were expected to be sensitive to residual gas analysis (RGA) of the chamber using
the presence of AsO. a UTI 100C mass analyzer revealed the presence

0022-0248/91/$03.50 - 1991 - Elsevier Science Publishers B.V. (North-Holland)
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ratio was kept within the range from 1.6 to 1.8.
177 M1, AIGaAs For this As overpressure the measured ratio of As

to Ga + Al was found to be also in the range of
5 N1L CaAs 1.6 to 1.8. The first series of four samples were

177 ML AIGaAs then grown at different cracking temperatures.
After the growth of the first series of samples.

I1I ML GaAs the cracking section was baked at maximum power.
resulting in a temperature in excess of 1000°C.

177 ML AIGaAs Shutter and cracking temperature dependence dur-

19_ %,0 Ga(s ing the bake indicated the AsO was either coming
directly from the cracking section or from the

17 ML .AlGaAs radial vane cryo-shrouding around the cell. To
assist in backing this cryo-shrouding. liquid

I %5, GA,.\ nitrogen cooling to the radial vane was turned off
and the cells adjacent to the As cell were run at

177 Ml. Ata.X, elevated temperatures. During this bake. the mass
91 peak increased to about I Y 10 " A and then

Fig. 1. Schematic cross-section of QW la'ers gro n for PL started to decrease. After three days the peak

stud. Al mole fraction of 0.3 leveled out at 0.5 X 10 12 A and the bake was
terminated. When the wheel was subsequently
cooled with LN, there was no detectable AsO in

of a small amount of mass 91 peak (AsO) during the system, perhaps indicating that it had indeed
growth [10]. The mass 91 peak was found to come from the cryo-shrouding. Recently. Sacks et
increase with increasing cracking temperature. and al. [111 have reported S contamination arising
varied from less than I x 10 - 2 to 4 x 10 2 A for from the crvo-shrouding around their As cracking
cracking temperatures between 540 and 760 'C. section. After baking. a second series of four sam-
This presented the opportunity of introducing a pies were then grown under the same conditions
controlled amount of AsO into the films during as the previous series. There was no detectable
growth to study its effects on both the PL of QW mass 91 present during this second series.
structures and the dampening of RHEED oscilla- Prior to the growth of each of the eight samples
tions. described above. RHEED data was taken on the

The samples grown for PL consisted of a I pm growth oscillations of GaAs and AIGaAs to de-
buffer of GaAs followed by a set of four QWs of termine the amount of dampening of the RHEED
35. 19. 11. and 5 monolavers (ML) of GaAs sep- oscillations. A 10 keV electron beam was used at
arated bv 177 ML (500 A) barriers of Al 1 Ga 1,As. an angle of incidence of about 1.0' along the
as shown in fig. 1. All samples were grown at a twofold direction of the 2 x 4 reconstruction. For
nominal temperature of 6200C with a GaAs each run approximately 0.75 pim would be grown.
growth rate of 0.7 ML/s and an AlAs growth rate then seven GaAs spectra and seven AIGaAs spec-
of 0.3 ML/s. An attempt was made to keep all tra would be taken, followed by the growth of the
growth parameters the same except for the tem- rest of the buffer and then the QW layers.
perature of the As cracking section. The As crack- After growth, the PL of each sample was meas-
ing temperature was varied between 540 and ured. The samples were mounted in a cryostat and
760*C. The cracking section would normally be cooled to 4 K, immersed in liquid He. The sam-
operated in this temperature range for a beam of pies were excited with the 514.5 nm line of an
predominantly As 2. The cracking temperature was Argon ion laser at a power density of I W/cm2 .
measured using a Vanzetti EITM2 dual wave- The luminescence was passed through a I m single
length pyrometer (no further corrections were grating spectrometer. The entrance and exit slits
made to the measured temperature). The As/Ga were set so that the broadening of each peak due
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to the slits was always much less than the peak's I

intrinsic full width at half maximum (FWHM).
The PL intensity was detected using photon
counting from a cooled GaAs detector. From the
PL measurements we determined the peak posi- I M M, ,,.

tion of each QW transition, the FWHM linewidth
of each transition, and the absolute and integrated
intensity of each sample.

07-2
t4 Refkc RAk

3. Photoluninescence results

The PL of the four samples grown before the <( owl -o,
bake are shown in fig. 2. The intensity of the
spectrum in fig. 2a was used as the standard for Cracking Temperature (°C)
the relative intensity scale. As the cracking tem- Fig. 3. Integrated PL intensity, of samples grown before and

perature is increased the intensity of the PL drops, after bake of the As cracking section.

becoming dramatically lower, as seen in fig. 2d.
The integrated intensities from 680 to 810 nm for by two orders of magnitude over the cracking
these samples are shown in fig. 3 (lower curve), temperature range. These integrated intensities are
Here it is seen that the integrated intensity drops very similar to those of QW samples grown at

different crackifig temperatures at the time the
777. AsO contamination was discovered. This indicates
a xi the generation of AsO with cracking temperature

was very reproducible and stable. The presence of

I ^0. during the growth of AIGaAs is known to
, . ,decrease the PL intensity [12]. This has been at-

tributed to an aluminum-oxygen complex [13].
. 'b xl5 ~The measured FWHM linewidths are shown in

fig. 4 for the various cracking temperatures. A
pronounced trend in this data is the broadening of
the linewidths over the cracking temperature range.

- The linewidths for the samnple shown in fig. 2d
c z20 were extremely broad and are not displayed in fig.

/ ! 4.

> " The PL of the four samples grown after the As
_ \ _j --- source was cleaned up are shown in fig. 5. These

Z samples show a dramatic improvement in both
X dx' intensity and linewidth. The integrated intensities

Ifor these samples are shown in fig. 3 (upper curve).
Under the same growth conditions as the first
series, the integrated intensities for the second

-.. . - , series are between 30 and 300 times higher. Ad-
680 700 720 740 760 780 800 ditionally. the integrated intensities drop only one

Wavelength (nm) order of magnitude over the cracking temperature
Fig. 2. PL spectra of the four samples grown before the bake of
the As cracking section. Samples grown at cracking tempera- range, compared with a drop of two orders of
tures of (a) 540*C. (h) 610oC. ) 690'C. and (d) 760*C are magnitude for the first series of samples. The

shown, measured FWHM linewidths for the samples of
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of
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Well width (ML) Well width (NIL)

Fig. 4. Variation in the FWHM PL linewidth of the samples Fig. 6. Variation in the FWHM PL linewidth of the samples
grown before the bake, Samples grown at cracking tempera- grown after the bake. Samples grown at cracking temperatures
tures of (a) 540'C. (h) 610 0 C. and (c) 690'C are shown, of (a) 540*C, (hi 610'C. (c) 690'C, and (d) 760'C are

(Linewidths of sample grown at 76 0'C too large to display.) shown.

the second series are shown in fig. 6. The QW
transitions are uniformly sharper after baking the
cracking section. The linewidth for the samples

a X 0.2t

shown in figs. 5a and 5b are comparable to those
published in the literature [14]. The large improve-
ment seen in the photoluminescence demonstratesS__the importance of removing AsO from the system.

However, the fact remains that after the bake webr, will see a decrease in the integrated intensity and1,,an increase in the linewidth as the cracking tem-

I .perature is increased. We attribute this degrada-
tion to residual AsO present below our detection
limits, which points out the difficulty of com-

c x13
pletely removing the AsO.

S I _ ,_4. RHEED dampening results

d x The RHEED oscillation data was taken to de-

i termine what effect the AsO might have upon the

dampening of the oscillations. This work is part of
_d a larger study o understand the causes of the

680 700 720 740 760 780 800 dampening and determine any diagnostic use they

Wavelength (nm) may have. For the first second of each spectrum
only the As shutter was open to establish the

Fig. 5. PL spectra of the four samples grown after the bake of inl tensitte as stab s the

the As cracking section. Samples grown at cracking tempera- initial intensity of the As stabilized surface; then

tures of (a) 540'C. (b) 610'C. (cI 690 'C. and (d) 760'C are the metal shutters were opened (60 s for GaAs and
shown- 45 for AlGaAs) and the intensity oscillated as the
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layer grew. Then the metal shutters were closed 10
again and the intensity recovered as the surface

smoothed. After each AlGaAs spectrum GaAs
was grown to smooth the surface.

The dampening of the oscillations was de-
termined by extracting the normalized oscillation 0 ,
heights and fitting them with a single exponential.

While most of the spectra seem to have both a fast 0o)o 0 1

and a slow component to the dampening, and are
thus best fit by two exponentials. there is enough 0 0

variance in the fit to make it difficult to compare
spectra to one another. For the purposes of this , ,
paper, therefore, only a single exponential fit will 0z

be used. In fitting the data the first monolayer 0.1 -- 10 20 3 0 40
(starting intensity to 1st valley to 1st peak) was Oscillation Number

ignored. The remaining peak-to-valley (P-V, md Fig. 7. Extracted oscillation heights and exponential fit for

valley-to-peak (V-P) heights were then de- AlGaAs RHEED oscillations at As cracking temperature of

termined and the oscillation height defined to be 540C before the bake.

the geometric mean of each pair of P-V and V-P
(this was done to reduce the effect of noise on the to 12 + I ML. One should also note the lack of

Srecovery of the intensity in fig. 8d (corresponding
spectra). All the oscillation heights were then nor- rr

malized by the first oscillation height. This series to PL spectra fig. 2d). The RHEED oscillations

of heights was plotted versus oscillation number
(i.e. monolayer) and fitted with a single exponen-
tial. From this a dampening constant in mono-
layers was determined, which represents how many
layers can be grown before the oscillation height
decays by e - '. The extracted oscillation height
data and fit for an AIGaAs RHEED spectrum are b
shown in fig. 7. Seven spectra of both GaAs and
AIGaAs were taken at each growth condition to
determine the mean and variance of the exponen-
tial fit. This treatment allows one to compare

dampening independent of the growth rate or c
electron beam intensity. An additional benefit of
treating the data in this way is its relative insensi-
tivitv to drift of the electron beam due to charging
phenomena.

The preence of AsO primarily affects the d

dampening of the AIGaAs. Fig. 8 shows the
RHEED oscillations for AIGaAs at different
cracking temperatures before the bake. These cor-
respond to the PL spectra shown in fig. 2. The
oscillations are damped more as the cracking tem- L _ .. _o tO 20 30 40 50 60
perature is increased. The measured dampening Time (sec)
constants for these curves are shown in fig. 9 Fig. 8. RHEED oscillations for four samples grown before the

(lower curve, fitted with a least squares line). The bake. Samples grown at cracking temperatures of (a) 540 0 C.

dampening constant decreases from 19 + 1.7 ML (h) 6100 C. (c) 690 *C. and (d) 760 *C are shown.
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o

~Fig. 9. Fitted dampening constants to AIGaAs RHEED oscil- Fig. 11l. Fitted dampening constants to GaAs RHEED oscitta-

tations. I NIL/s growth rate, before and after baking the As lions. 0.7 ML/s growth rate, before and after baking the As
cracking section. Error bars represent one standard deviation cracking section. Error bars represent one standard deviation

in the repeatability of the measurement, in the repeatability of the measurement.

taken after the bake are shown in fig. 10 and the increase in the d ,,'ampening fe h ae hsi

afte Afte bak.ahiei

d ampening constants in fig. 9 (upper curve, fitted in contrast to the PL result which degraded with
with a least squares line). There is no detectable increasing cracking temperature after the bake.

........ .. The GaAs dampening constants are shown in
iia fig. 1l. These results show a generally constant

i t dampening of the GaAs before and after the hake.

r Somewhat puzzling are the smaller values ob-
! tained at the lower cracking settings after the

b bake, primarily the one point at 610°C. This r.-av
,f 'ihave resulted from a lack of adequate control of

hW¢' , all the variables. Nonetheless. the data as a whole
i Tindicate the dampening of the GaAs was relatively

S g h e faunaffected y the presence of AsO.

cracingsc E standr d. Discussion and conclusions

in tThe dramatic effect of AsO on the PL of QW
e astructures demonstrates the sensitivity of this ia-

d a llsurement. AsO resulted in both a large decrease in
the integrated intensity and a broadening of the

QW linewidths. There has been much discussion
arecently over the relevance of PL linewidth to

interface quality or smoothness in QW samples

.... bake-t,',t - . orimrl thee pontea60'. hi ,a

al the [1-7.FrtesNnetsles. the combination of
0 to 20 30 40 50 60Ttme (sei) both decreasing intensity and increasing linewidth

unafetdb the preseceofe

Fig. 10. RH5ED oscillations for four samples grow.n after the argue samples co(optcally)
bake. Samples grown at cracking temperatures of da) 54ef(e as AsO is introduced. The importance of this

,b) 610
0

c) 6tC. and d) 760"are shown comes not when AsO is detectable by RGA. but
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rather when it is not measurable. The integrated search Office under contract No. DAAL 03-88-K-
intensity and linewidth of QW transitions in PL 0060.
offers an extremely sensitive diagnostic tool for
determining the presence of AsO at low levels in
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Application of frequency-domain analysis to RHEED oscillation data:
time dependence of A1GaAs growth rates

G.W. Turner and S.. Eglash
Lincoln Laboratorv. Mas,achusetts Institute of Technology. Lexington, Massachusetts 02173-9108, USA

Frequency-domain techniques have been applied to the analysis of RHEED oscillation data taken during MBE growth of AIGaAs
at substrate temperatures from 580 to 790 0 C and at various V/Ill ratios. In addition to permitting rapid and highly accurate
measurements of RHEED oscillation frequencies under normal growth conditions, frequency-domain techniques allow these
frequencies to be determined when the RHEED data are too noisy to be analyzed by conventional time-domain techniques.
Frequency-domain techniques also have the capability of analyzing the time evolution of the RHEED frequencies obtained
immediately after growth is restarted following interruption of the group III flux. For AIGaAs growth at substrate temperatures
above 700'C. we have observed that the frequency decreases substantially during deposition of the first few monolayers. This
variation leads to errors in growth rates evaluated by cc nventional RHEED analysis.

1. Introduction frequency decreases substantially during deposi-
tion of the first few monolayers.

For the analysis of reflection high-energy dif-
fraction (RHEED) oscillation data obtained dur-
ing MBE growth, frequency-domain techniques
[1.2] such as the fast Fourier transform offer a 2. Experimental procedure
number of advantages over the conventional timt.
domain method, which utilizes graphical analysis A Vanani GEN it modular 75 mm MBE system
of intensity-versus-time plots. The frequency- was used for the growth of AIGaAs and GaAs
domain techniques permit the oscillation frequency layers on semi-insulating GaAs substrates bonded
to be determined more rapidly and precisely, to be with In to Mo mounting blocks. The substrates
evaluated from even a single oscillation, and to be were prepared by chemical cleaning and etching
extracted from data that cannot be analyzed by followed by oxide desorption at - 600'C in the
the conventional technique because the oscilla- MBE growth chamber under an As flux. Substrate
tions are too weak to be detected by visual inspec- temperatures were measured with a narrow-band
tion. The latter capability permits the assessment optical pyrometer positioned to view the substrate
of the validity of an assumption that is often made in the growth position. Emissivity values em-
in performing MBE growth experiments, namely, ployed in the pyrometer measurements were de-
that the growth rate determined from RHEED termined by calibration experiments based on ob-
oscillations observed in the early stages of growth servations of the lnSb melting point and the for-
is the same as the rate during the later stages, mation of the Al-Si eutectic. Relative substrate
when oscillations are no longer visible, temperatures were monitored with a thermocouple

We have chosen to investigate the growth of located below the mounting block. The steady-
AIGaAs at high substrate temperatures, since such state Ga and Al source fluxes were adjusted to
growth is required in the fabrication of a variety give GaAs growth rates of 0.9 to 1.0 pm/h and
of electronic and optoelectronic devices. For tern- AlAs growth rates of 0.3 to 0.4 pum/h. Beam-
peratures above 700*C, the RHEED oscillation equivalent pressures for the Ga. Al, and As fluxes

0022-0248/91/$03.50 ri 1991 - Elsevier Science Publishers B.V. (North-Holland)
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were determined from readings on an ion gauge growth directly on GaAs as for growth on an
located in the growth position. Initial Ga and Al AlGaAs layer; at higher temperatures, growth
flux transients were determined by computerized could not be performed directly on GaAs because
recording of the ion gauge readings for a few of the difficulty of maintaining an As-stabilized
ni qutes after the opening of the source shutters. GaAs surface.
The Ga and Al fluxes decreased by less than 2%
and 5%. respectively. The As4 flux was varied to
give uncorrected beam-equivalent V/Ill ratios be- 3. Results
tween 7: 1 and 20: 1.

The computerized measurement system used In fig. 1, the RHEED oscillation frequencies
for frequency-domain analysis has been described measured in two sets of AIGaAs growth experi-
previously (1]. Briefly, the system is based on the ments are plotted against substrate temperature
observation of RHEED intensities by a TV camera over the range from 580 to 790 C. In one set of
focused on the phosphor screen. The intensity experiments the V/Ill beam-equivalent pressure
data for a selected pixel are digitized and read into ratio was 7.3 and the ratio of Al flux to the total
a desktop computer for frequency analysis. In group III flux was 0.31 (yielding AIGa,_,As
each frequency determination, data are collected layers with x = 0.31 if the sticking coefficient is
for 30 or 60 s at rates of 70 and 30 samples/s urity for both Ga and Al), while in the other set
respectively, then analyzed to obtain the power these ratios were 19 and 0.33, respectively. The
spectrum, after which a simple peak location al- frequency values were obtained by analysis of
gorithm is employed to extract the frequency. For data collected for 60 s after opening the Ga and
these times and sampling rates it is predicted that Al shutters. As previously reported [31, the per-
the frequency can be measured with an uncer- siste.,ce of the observed oscillations varied with
tainty as low as ±0.003 Hz. This value has been substrate temperature, with the oscillations most
confirmed by the reproducibility of the frequency clearly visible in the high-temperature and low-
values measured on GaAs depositions performed temperature regimes. With increasing temperature,
under the same growth conditions. The uncer- the measured frequency is nearly constant up to
tainty is higher for especially noisy spectra. - 650 ' C, then decreases strongly as the growth

In performing a set of oscillation frequency rate decreases because of Ga desorption from the
measurements, a GaAs buffer layer at least I jIm growing surface. The ratio of the growth rates at
thick was first deposited on the substrate at the highest and lowest temperatures approximates
- 550'C, followed in most cases by deposition of the ratio of the Al flux to the total group III flux,
- 0.1 tim of AIGaAs at this temperature. The Al showing that the layers grown at the highest tem-
and Ga shutters were then closed for - 30 s, data peratures probably consist almost entirely of AlAs.
collection was started, the Al and Ga shutters This variation in growth rate with temperature is
were reopened, and intensity data for the specular not shown as clearly by the earlier data of Ral-
reflection in the (011) azimuth were collected for ston, Wicks and Eastman [3], which are plotted in
the desired time. The substrate temperature was fig. I for comparison.
then increased and allowed to stabilize, the Al and The two curves for frequency-domain-analyzed
Ga shutters were closed, and the procedure was data in fig. I show that the onset of significant Ga
repeated. As-stabilized surface reconstructions desorption was shifted to higher substrate temper-
were maintained. Generally the experiments were ature for the run with the higher V/Ill ratio. The
performed at a series of successively higher tem- results that we have obtained in similar experi-
peratures. If a measurement was then repeated at ments, as well as the limited data of ref. [3], are
one of the lower temperatures, the frequency was consistent with this trend. However, the magni-
found to be the same as the value measured earlier. tude of the temperature shift has not been de-
In experiments at temperatures below 7000 C, the termined accurately, because of the uncertainty in
frequency was found to be the same for AIGaAs substrate temperature measurements.
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Fig. 1. RHEED oscillation frequency versus substrate temperature for growth of AIGaAs. For data represented by circles and
squares, frequencies were obtained by frequency-domain and time-domain analysis, respectively.
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Fig. 2. RHEED oscillation frequency versus substrate temperature for growth of AIGaAs. For data represented by circles and
squares, frequencies were obtained by frequency-domain analysis of data collected for 0-30 and 10-30 s. respectively. after opening

the Al and Ga source shutters.
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In another set of AIGaAs growth experiments, the initial rate is higher than the steady-state value
which were performed under conditions similar to by an amount that increases with increasing tem-
those used in obtaining the results shown in fig. 1 perature. At 760 *C, the initial rate is about twice
for the lower V/II ratio, data were collected for the steady-state value. This change in growth rate
30 s after opening the Ga and Al shutters. For (and therefore in composition) is much too large
each substrate temperature, oscillation frequencies to be attnbuted to flux transients. It indicates the
were determined by analyzing the data collected existence of complex interactions among the
from 10 to 30 s as well as by analyzing the data surface atoms that should be addressed in future
for the entire 30 s. The results are shown in fig. 2. investigations of the epitaxial growth of A1GaAs
For temperatures below 700° C the frequencies layers.
obtained for the two analysis windows are the
same. For higher temperatures, however, the val-
ues are lower for the 10-30 s window than for the 4. Conclusions
0-30 s window, showing that the growth rate
during the first 10 s was greater than the steady- By using frequency-domain analysis of RHEED
state rate. oscillation data taken during the growth of Al-

To investigate the time evolution of the growth GaAs, the oscillation frequency has been meas-
rate in greater detail, experiments were performed ured over a wider range of substrate temperatures
at temperatures from 520 to 760°C in which and V/II1 ratios than previously reported. By
analysis windows of 5 s were used in analyzing utilizing the capability of frequency-domain anal-
data taken for 30 s after opening the Ga and Al ysis to extract oscillation frequencies from data
shutters. The results are shown in fig. 3. At tem- taken over short time intervals, it has been found
peratures below 700 0 C the growth rate does not that at high temperatures the growth rate im-
change with time. but at the higher temperatures mediately after opening the source shutters is sub-

15
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Fig. 3. RHEED oscillation frequency versus time following source shutter opening for AIGaAs growth at substrate temperatures from
520 to 760 * C. Frequencies were obtained by frequency-domain analysis of data collected for 5 s periods.
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stantially higher than the steady-state rate. Such for technical assistance. This work was sponsored
measurements of the time evolution of epitaxial by the Defense Advanced Research Projects
growth should assist in achieving a better under- Agency and the Department of the Air Force.
standing of the complex interactions at growing
epitaxial surfaces.
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Initial growth stage of InAs/GaAs studied by RHEED-TRAXS
method

J. Shigetomi, K. Fuwa, S. Shimizu, H. Yamakawa
UL VA C JAPAN, Ltd., Hagisono, Chigasaki-shi, Kanagawa 253, Japan

and

S. Ino
Uniersui" of Tokyo. Hongo. Bunkyo-k4 Tokyo 113, Japan

RHEED-TRAXS (total reflection angle X-ray spectroscopy in RHEED experiments) technique has been focused on an
observation of In desorption processes from GaAs(100) substrate surfaces. Results show that In desorption energy sensitively changes
along with arsenic partial pressure. PA,,. Furthermore, at 3.0 x 10- Torr of PA,,, ITDS (isothermal desorption spectroscopy) curves
have a refraction point below the In La line intensity corresponding to one monolayer of InAs. RHEED intensity measurements
indicate that the refraction point corresponds to the change of the growth manner, i.e. a single layer growth occurs followed by
three-dimensional island growth. the Stranski-Krastanov growth mode, at this PAs,- On the other hand, at 1.0 X 10-7 Torr of PA,,.
InAs grows with the Volmer-Weber growth mode.

1. Introduction angle is set closely corresponding to the critical
angle for total reflection of the characteristic X-

Reflection high energy electron diffraction ray, the detection efficiency is remarkably im-
(RHEED) has been extensively used for studying proved. They called this technique RHEED-
the atomic structure of crystal surfaces. Recently, TRAXS (total reflection angle X-ray spectroscopy
the phenomenon of RHEED intensity oscillation in RHEED experiments) and proved that the
has attracted a great deal of interest, since the sensitivity of this technique is comparable to or
intensity changes with time when epitaxy occurs in higher than that of Auger electron spectroscopy
a layer-by-layer growth model. It is now widely (AES).
accepted that RHEED is a powerful tool for We have applied this RHEED-TRAXS tech-
tailoring "man-made" structures by molecular nique to InAs thin film growth onto GaAs sub-
beam epitaxy (MBE). Although the layer thickness strate for in-situ monitoring the chemical com-
can be precisely controlled with atomic scale accu- position. The contact of InAs to GaAs is of con-
racy by measuring an intensity oscillation, only siderable interest in its promising applications to
little detailed information on chemical composi- infrared (IR) detectors and optoelectronic devices
tion during growth is available. [4-111. The large lattice mismatch between InAs

Ino et al. originally proposed X-ray spec- and GaAs substrates, however, causes a significant
troscopy for surface chemical analysis with high obstacle in obtaining high electronic quality. It is
surface sensitivity in which an incident electron very important to make the initial stages of InAs
beam of RHEED was used as an excitation probe onto GaAs controllable in order to fabricate those
[1]. It was for the first time demonstrated by devices.
Hasegawa et al. [2,3]: when the X-ray take-off In a previous paper [12] it was shown that the

0022-0248/91/$03.50 0 1991 - Elsevier Science Publishers B.V. (North-Holland)
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composition x in the grown InAs, _xSb film could 3. Result and discussion
be precisely controlled by measuring the char-
acteristic X-ray peak ratio (Sb La)/(Ga Ka) and After the InAs films were grown up to 10 ML,
by adjusting the composition of As4 and Sb4 beam the In K-cell shutter was closed. The In La X-ray
flux. intensities were successively measured by

InAs desorption processes from GaAs(100) RHEED-TRAXS, as a function of duration time
substrate are presently investigated by RHEED- of In desorption, which was the so-called ITDS
TRAXS method as a function of PAs,. In this (isothermal desorption spectroscopy) method [3].
paper the dependence of In desorption energy PAs4 was kept constant from the growth to the
upon PA,,. is discussed. In addition, two types of desorption. At first, when ITDS was done at two
growth mode, i.e. Stranski-Krastanov mode and values of PAs,, i.e. 3.0 x 10-8 and 1.0 x 10 - 8 Torr,
Volmer-Weber mode, of InAs due to PA.,, are the difference of ITDS gradient depending upon
also described. /As4 was observed. The results are shown in fig. 1,

where Tub was kept at 450 * C. The abscissa of fig.
1 indicates the duration time of the desorption,
and its ordinate, the intensity of the In La line

2. Experiment (3.29 keV), which is normalized by Ga Ka inten-
sity. Open and solid circles denote the case of PA,

The MBE system (ULVAC model MBC-305) of 3.0 x 10- 8 and 1.0 X 10 - 8 Torr, respectively.
used in the present work was composed of a In the case of 3.0 X 10-8 Tort of PA.,, the In La
sample loading chamber and a growth chamber. A line intensity decreases just a little even after 50
Li drifted Si solid state X-ray detector, Si(Li) min of duration. However, it decreases rapidly
detector, was combined so as to detect the arbi- after the As shutter was closed. The RHEED
trary characteristic X-ray. The X-rays emitted from patterns at the positions (I), (II) and (III) in the
the sample surface pass successively through two
Be windows and reach a Si(Li) detector. Details of
the spatial arrangement of the electron gun, Si(Li) InAs(1OML)/GaAs Ts=450*C

detector and specimen were described elsewhere () 0 :As. off
[121. X-ray take-off angle of In La line was fixed 0 0 00oo

at 0.74', corresponding to a total reflection angle 1.0 0 0 .X 10Torr

of the In La line on the GaAs surface.
The substrates used here were (100)-oriented

semi-insulating Cr-O doped GaAs, 20 mm square
and 0.35 mm thick. After chemical etching by

C
H 2 SO4 : H 20 2 : H 20 (5: 1: 1) solution, they were
mounted on Mo blocks and inserted into the 0
growth chamber. Prior to the growth, the substrate .5 0 5

temperature, T.b, was raised up to 600°C for 5 - ,()
min in order to obtain a clean surface. After that,

the InAs layers were grown at constant Tub where PZ0

PAw, was fixed. Growth rates as well as film thick- =lOxl"Torr
ness were calibrated in advance by measuring
thicknesses in direct proportion to the growth
time. The InAs desorption processes were ob- -_1_____ 0
served in-situ by RHEED-TRAXS in which 0 20 40 60

Time(min)RHEED intensity oscillations were simultaneously Fi& 1. Isothrmal (Tmb - 450 *C) desrption curves of In La
observed. The energy of the incident electron beam line intensity versus duration time. Open and solid circles
was 20 kV throughout the work. denote 3.0 x 10- 8 and LOx 10-6 Tort of PA... respectively.
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ITDS curve are represented in fig. 2. The RHEED .nAs(10ML)/GaAs p ,30x10- Torr
pattern (I) indicates that InAs forms as the three- s = 550r

dimensional island formation onto GaAs(100) 1.0 -,50o 550T
0 A5300C 1

surfaces. The RHEED pattern (II), taken after the 0=510 0C
As shutter was closed, shows that the InAs spot
intensities become rather weak as compared with
(1), which corresponds to the In La line intensity
to be weakened. At the point (III), 25 min after "
the As shutter was closed, the InAs spots com-
pletely disappear. The In La line intensity, how- 5 _5

ever, is observed corresponding to three mono- c C
layers of InAs. Because the As vapor pressure is 0

much higher than that of In, In would remain on 0

the substrate as a liquid-like metallic formation. 0

-__1 ML

A 0 
0

-e------------

00 20 40 60 890

Time(min)

Fig. 3. Isothermal desorption curves (PAs4 = 3.0x 10- Tort)
at various substrate temperatures.

This suggests that a quantitative analysis for grow-
ing surface as well as a qualitative analysis is very
impot rant and indispensable to in-situ observation
in MBE.

On the other hand, in the case of 1.0 x 10-

Torr of PAs, the In La intensity is abruptly de-
creased. It can be considered that the In desorp-
tion energy is very sensitive to P,, because of the
difference of In desorption rate depending upon
PA.,-

Furthermore, In desorption energies are ob-
tained from ITDS so as to clarify the dependence
of In desorption energy upon PA. on GaAs(100)
surfaces. Desorption energies are easily obtained
from Arrhenius plots of ITDS curve, because the
gradients of the ITDS curves directly correspond
to the desorption rate of In atoms [3]. ITDS by
RHEED-TRAXS measurements was done for 10
ML grown InAs at different PAs,. Fig. 3 shows
ITDS curves of In on GaAs(100) surface at 3.0 x
10-8 Tort of PA,,. When T,ub is 550° C, In rapidly
desorbs from the surface within 15 min. In desorp-

Fig. 2. Mwe chan. of PIED pattern during In desorption at tion rates, however, become low with decreasing
3.0 x 10- ' Tort of PA... (I), (II) and (Ill) correspond to the Tb. Fig. 4 shows ITDS curves at 1.0 x 10- Toff

points indicated by the same number in fig. 1. of PA$," In desorption rates also decrease with



J. Shigetomi et al. / Initial growth state of inAs / GaAs studied by RHEED- TRA XS method I 13

InAs(10ML)/GaAs PAs,=D0lxlO
7 
Torr In on (a) pma3.0x10

- 8 Torr

1.0 Tsub. *=550C -10 
(growth)

A=510 0C
0 0. 510 OC.._

°=51°c | In off

Z 0Time

C o0

S0 . -In on, (b) PAs=I.OXl0
- 7 Torr

0.5- 5 6 (growth)
a C

00 0C E

In off
0 (desorption)

A " Fig. 5. RHEED intensity oscillation during growth and desorp-
20tion processes T~,b = 530oC: (a) PA= 3.0xlO Torr and

Time(min) (b P, = 1.0 x 10 7 Torr.

Fig. 4. Lsothermal desorptlon curves( P4, = 1x 10 7 Torr) at
various substrate temperatures.

sorption energy below one monolayer is obtained
as 2.1 eV. which is 0.7 eV higher than the energy

decreasing TUh. As is evident from comparison above one monolayer. This indicates that In atoms
with fig. 3. however, the desorption rate at the hardly desorb below one monolayer. On the other
same T,,, seems different. Desorption energies are hand, in the case of 1.0 x 10- 7 Torr of P,, the
summarized in table I where the result of the AES refraction point does not appear, as is shown in
experiment by Foxon and Joyce is also shown fig. 4. The observation of the RHEED patterns
[131. The present results agree approximately with shows no differences around one monolayer. The
those obtained by Foxon and Joyce. However, intensity oscillation, however, reveals remarkable
they did not take the important role of P , into characteristics corresponding to desorption en-
consideration. Our ITDS results by RHEED- ergy, as is shown in fig. 5. Fig. 5 shows the
TRAXS method indicate that In desorption en- specular beam intensity as a function of time for
ergies are sensitively affected by PA,. InAs growth and desorption. In the figure, InAs

Further attention must be focused on the re- grows between two arrows, denoted as In on and
fraction point on the curve around one monolayer, In off. The desorption process is represented after
as is shown in fig. 3. The refraction points appear the point indicated by right hand arrow sub-
at the same In coverage, i.e. around one mono- scribed as In off. Figs. 5a and 5b correspond to
layer, in both T,, of 510'C and 530 0 C. In de- 3.0 X 10-8 and 1.0 X 10- 7 Torr of P,,, respec-

tively. In the case of 3.0 x 10' Torr of P"4, when
In atoms are supplied, the intensity oscillation is

Table I observed only once through growth. After the In
Indium desontifn energes (in eV) from GaAs41O) surface shutter is closed, the intensity gradually increases

Present work AES 1131 with duration time and a wide oscillation peak
.43(P,<,,0 " Tort) 1.5 ±0.1 appears as compared with the growth process.
I.g ( pA,, = I x 10 7 Tor) 1.5 ±0.1 This can be considered as follows: since the period
2.1 (PA,, = 3x 10 " Tof f) 1.5 ±0.1 of RHEED intensity oscillation precisely coin-
a) Below I monolayer. cides with one monolayer growth, a two-dimen-
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sional InAs layer is formed onto GaAs(100) surface TRAXS, shows that InAs grows with the Stran-
followed by three dimensional islands at this PA.," ski-Krastanov mode. On the other hand, at 1.0 x
The increase of In desorption energy below one 10 - 7 Torr of PAs,, InAs grows with the Volmer-
monolayer is also shown in fig. 5a. If the large Weber mode.
peak of RHEED intensity on desorption process
corresponds to the desorption of one monolayer
just on the GaAs(100) surface with two-dimen- References
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Reflectance-difference probing of surface kinetics of (001) GaAs
during vacuum chemical epitaxy

G. Paulsson, K. Deppert *, S. Jeppesen, J. Jonsson, L. Samuelson and P. Schmidt *

Department of Solid State Physics, University of Luna Box 118, S-221 00 Lund Sweden

A reflectance-difference (RD) study of the kinetics of various surface processes involved in the growth of GaAs from
triethylgallium and arsine is presented. During triethylgallium exposure of an As-stabilized (001) GaAs surface, an initial linear RD
response is observed, similar to what has previously been reported for trimethylgallium. We show that in the case of triethylgallium
an over-saturation of the surface occurs, which results in complex transients in the RD response and, for a critical dose. in a loss of
the surface coherency as determined by the disappearance of RD growth oscillations. It is found that the arsine reactivity on the
over-saturated surface is much higher that that on the Ga-stabilized surface. The arsine-induced RD transient is compared with the
kinetics of the re-establishment of a perfect As-stabilized surface, using the amplitude of RD-detected growth oscillations as a probe
of the status of the surface.

1. Introduction situ techniques are indifferent to the pressure they
can thus be used to link high-vacuum (HV) tech-

Considerable effort has been devoted to in- niques to atmospheric pressure methods. In this
crease the understanding of surface kinetics taking paper we use RD to study the kinetics of the (001)
place during epitdxial growth. Some of these GaAs surface when exposed to triethylgallium
processes are: adsorption, desorption, diffusion of and/or arsine.
adsorbed species to steps, decomposition, and in-
corporation - not necessarily in this order. Results
obtained from high-vacuum (HV) techniques may
also he applicable to metalorganic vapor-phase
epitaxy since the importance of gas-phase reac-
tions and the hydrogen atmosphere has been ques- The experiments were carried out in a vacuum
tioned lately [1]. So far, reflection high-energy chemical epitaxy (VCE) reactor [4,5] using trieth-
electron diffraction (RHEED) has been the ylgallium (TEG) and arsine as precursors. The
dominating in situ method in high-vacuum tech- vacuum system consists of an outer vacuum chain-
niques but recently a series of very powerful opti- ber which contains an inner growth chamber held
cal methods has been demonstrated, e.g. reflec- at an elevated temperature of approximately
tance-differLnce (RD) [1], ellipsometry [21, and 200*C. This design allows multiple impingement
surface photo-absorption (SPA) [3]. Using optical which is necessary when using arsine as group V
methods it has been possible to follow various precursor. The arsine pressure inside the growth
phenomena on the sub-monolayer scale during chamber was approximately 5 x 10 -' Torr and
epitaxial growth, and since these very powerful in the V/Ill ratio was typically 20. Residual hydro-

carbon and hydrogen molecules can leave the
growth chamber through several small orifices.

Permanent address: Central Institute of Optics and Spec- The I cm 2 sized (001) GaAs substrate is situated

troscopy, Academy of Sciences. RudowerChaussee 6. 0-1199 inside the growth chamber on a carbon susceptor
Berlin. Germany. heated by infra-red radiation. The RD system [5]
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is placed on top of the vacuum chamber where the
light probe enters the vacuum chamber through a TEG off AsH, on

strain-free quartz window, and the growth chain- 4 i
ber through a small hole. In our RD measure- -

ments the difference between normal-incidence re-
flectance of light polarized parallel and perpendic- I Mt
ular to a principal crystallographic axis of the Titne

surface is measured as a function of time for a
fixed wavelength equal to 632.8 nm. The GaAs M A T T410 -C

surface is, from an optical absorption point of
view, highly anisotropic mainly due to the dimer - on AsHon

formation in the outermost atomic layer of the °f/ ~

crystal [1]. Such intrinsic effects are caused by
As-As and Ga-Ga dimer bonds directed in the
[l101 and [1101 directions, respectively. It should
be noted, however, that preferentially-oriented
molecules adsorbed on the surface may also con-A a

tribute to the RD signal.

A I~ 00 1() AM5 2:10 345'

3. Results and discussion
Time (sec)

Fig. 1. The time dependence of the RD signal during pure
3. 1. TEG and arsine monolaYer saturation effects TEG exposure of previously arsine-stabilized GaAs surfaces.

The doses required to form one monolayer, period A in the
Fig. 1 shows the time dependence of the RD upper curve, and six monolayers, period A+C in the lower

signal during pure TEG exposure of a previously curve, of GaAs during continuous growth. The RD signal
experiences a rapid change when the over-saturated surface is

arsine-stabilized (001) GaAs surface. The time axis exposed to arsine. The insert illustrates the exponential time

has been divided into four different periods, dependencies of the arsine-stabilization recovery of the RD

labelled A-D. corresponding to different events, signal during period B following the two levels of saturation.
During per.od A, which is equal to 10 s, a con-
stant flow of TEG is injected into the growth
chamber and under this phase the RD signal is exposed to arsine, during period D, a rapid
shows a linear time dependence until it reaches change in the RD signal can be observed. The
approximately 4/5ths of the first peak value. This presence and magnitude of this feature are corre-
is in good agreement with experiments reported lated to the amount of excess TEG, or derivatives
for trimethylgallium (TMG) [1] in a hydrogen thereof, at the surface. When the surface is over-
atmosphere. In the upper curve of fig. 1, this saturated with TEG the arsine becomes highly
period is followed by an interval where the signal reactive, indicated by the very fast change of the
is more cr less constant. During period B the RD signal. The recovery of the RD response,
arsine flow is resumed and the recovery towards during period B, towards the value corresponding
the initial arsine-stabilized value has an exponen- to the arsine-stabilized surface is similar to that of
tial time dependence. In the lower curve of fig. I the upper curve in fig 1 but the time constants
the TEG flow has been kept on for another 50 s, differ as can be seen from the insert in the upper
period C. in order to study the effects of over- right corner. The fact that the kinetics is faster in
saturation. Contrary to TMG, excess TEG ad- the case of only one monolayer Ga coverage is
sorbs on top on the first Ga layer. After passing reasonable since the transformation of an over-
through the dip the RD signal increases further saturated surface involves more complex surface
before saturation. When the over-saturated surface processes.
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Fig. 2. RD-probing of TEG-exposed GaAs surfaces in order to evaluate the degree of surface coherence when continuous growth is
started. The amount of TEG corresponds to the growth of: (a) 5-6 monolayers (ML); (b) 3 ML: (c) I ML, The presence and
durability of the growth oscillations is a measure of how the TEG species adsorb to the surface. If the surface is exposed to more than
one monolayer the surface coherence is lost. (d) RD response when the continuous growth is initiated from an arsine-stabilized

surface.

3.2. Study of the surface roughening during TEG time. After a certain exposure of TEG the arsine
saturation flow is resumed which enables continuous growth.

Curve 2a shows the RD response when the
We have recently shown that it is possible, arsine-stabilized surface is exposed to an amount

using the RD technique. to obtain growth oscilla- of TEG corresponding to six monolayers during
tions in real time during continuous growth [7] as continuous growth and the behavior of the RD
illustrated in fig. 2 (curve 2d). This phenomenon signal when the continuous growth is initiated
makes not only growth-rate measurements very resembles somewhat the large feature seen in the
convenient but can also be used to gain informa- lower curve in fig. 1. Contrary to the experiments
tion about the surface from which the continuous described in fig. 1, the TEG is left on while
growth is initiated. In the previous section. it was resuming the arsine flow. Hence, the RD signal
shown how excess TEG species on the surface settles at a value characteristic of continuous
affect the RD signal during arsine-only exposure. growth using a certain V/Ill ratio. Curve 2d.
In this section. it will be discussed how the Ga where the TEG-only period is absent, has been
species are adsorbed at the surface by using the included as a reference. Due to the large amount
presence and durability of the growth oscillations of TEG species, the growth front becomes statisti-
as a measure of the status of the surface [8]. cally distributed over several monolayers and no
During this experiment (curves 2a-2c), the valve- growth oscillations can be observed. Reducing the
switching sequences are the same, starting with TEG-only period to a time corresponding to three
arsine stabilization which is followed by a period monolayers (curve 2b) gives rise to a larger feature
of TEG exposure the length of which is varied in when the arsine flow is resumed but still no sign
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, 1.0 surface and no three-dimensional Ga deposits are
o .formed.

0.8-

0 1 3.3. The kinetics of the recoverv of growth oscilla-
0.6 - t rtions under arsine treatment
o0

0.4- Even with optimal surface conditions when
"growth is initiated, clearly resolved RD growth

02 oscillations decay within, typically, 20-30 periods.
0

This is believed to be the time taken to establish a
0 20 40 60 80 growth front which has reached the steady stateTime (se) equilibrium admixture of As-As and Ga-Ga di-

mers. An extensive exposure of the GaAs surface
Fig. 3. The degree of recovery of the growth-oscillations (0) as

a function of the arsine exposure of the surface. Starting from to arsine is necessary in order to regain the well-
a continuous growth situation the TEG flow is terminated and defined As-stabilized surface required for reini-
after a certain time the TEG flow has been resumed. Three RD tiation of growth with the best conditions for the
growth oscillation curves have been included corresponding to RD observation of growth oscillations. Using the
different recovery times. Note that the 60 s point is a double
point also obtained by doubling the flow and reducing the same arsine flux as that used for the growth rate

exposure time to the half (*). of I monolayer/10 s, it takes at least a few minutes
for full (> 95%) recovery (at 5500C). An attempt
to evaluate the kinetics of this recovery process is

of growth oscillations. The true shape of this fea- presented in fig. 3, in which the average of the
ture is not resolved, due to the inherent time amplitude of the first oscillations is plotted as a
constant of the RD set-up. In curve 2c the TEG function of the arsine exposure time. Three exam-
deposition is nominally one monolayer adsorbed ples of such growth oscillations with different
Ga and when arsine is added together with TEG, degrees of regeneration are shown as inserts for
after the shorter TEG-only period, the behavior of 10, 25 and 60 s arsine treatment.
the RD signal is completely different. Clearly re- During the arsine treatment an RD transient is
solved growth oscillations can now be observed also induced corresponding to the transformation
directly after the initiation of the continuous of the partially Ga-Ga dimer-covered growing
growth, demonstrating that the deposition of one surface into the As-stabilized surface, assumed to
Ga monolayer preserves the coherency of the be the frequently observed (2 x 4) reconstruction

b
a g

to-'

10'
2  

10-2 ,

0 20 40 60 80 0 100 200 300
Time (Sec) Time (sec)

Fig. 4. (a) Measurement of the degree of recovery of the arsine-stabilized surface using two different definitions of surface recovery.
The upper curve shows the logarithm of the recovery of growth oscillations as a function of time, as determined by the method
illustrated in fig. 3. The lower curve is the logarithm of the transient of the RD signal in going from the level corresponding to

continuous growth to the level corresponding to the arsine-stabilized surface. (b) Growth oscillations followed by such a transient.
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(see fig. 4b). Obviously, the RD transient and the well as under continuous growth. The time con-
recovery transient measure different surface stants for the re-establishment of a perfect arsine-
processes, a difference which can be illuminated stabilized surface have been studied and we have
by a comparison of the kinetics of the two shown that the arsine exposure of an over-
processes. This comparison is made in fig. 4a, saturated GaAs surface leads to very fast chemical
where the RD transient is plotted logarithmically reactions.
versus the arsine exposure time (experimental
points +), with the exponential line fitted to these
points. The corresponding best exponential fit of
the recovery process (from fig. 3) is also shown in
fig. 4a. It is clear that the time constant for
recovery of the ideal As-stabilized surface is longer, This work was supported by the Swedish Board
here by a factor of two, than the time constant for for Technical Development and the Swedish Nat-

returning the RD signal from that of continuous ural Science Research Council.

growth to that of the As-stabilized surface. How-
ever, there is still too little experimental data
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In-situ monitoring of antiphase domain evolution during atomic layer
MBE (ALMBE) and MBE growth of GaAs/Si(001) by reflectance
difference

Y. GonzAlez, L. GonzAlez and F. Briones
Centro Nacional de Microelectr6nica, CSIC Serrano, 144. 28006 Madriu Spain

Reflectance difference technique is used to in-situ monitor the antiphase domain (APD) annihilation process during atomic layer
MBE and MBE growth of GaAs on Si 20 and 40 off (001) towards (110). We show that this technique is able to provide quantitative
information on the domain evolution. Experimental data obtained with reflectance difference show that thin GaAs layers (typically
50-100 nm) are enough for achieving a single domain growth front. APD evolution is characterized by a process which starts at the
onset of growth and is thickness dependent. We observe a fast APD evolution during growth of the first 500 A thick layer followed
by a slow step in case a single domain growth front has not yet been achieved. We find that the rate of the APD annihilation process
depends on growth conditions, although the GaAs thickness ( - 500 A) at which kinetics changes is independent both on growth
conditions and on density of steps in the starting surface (20 and 40 off (001) Si substrate). A possible relation between APD
annihilation and lattice mismatch relaxation process is proposed based on these observations.

I. Introduction surface progressively evolves into a single domain
growth front. How this simple recipe works is not

The appearance of antiphase domains (APDs) known at present, but it is clear that other mecha-
in epitaxially grown GaAs on Si(001) is a direct nisms besides the doubling of surface step height
consequence of growing a polar compound semi- must be operative in APDs suppression.

conductor on a non polar substrate [1]. The main characteristic of tilted (001) Si sub-
GaAs antiphase domains could be avoided by strates is the alignment of a high density of steps

growing on an atomically flat perfect (001) Si with different strcture in the direction of miso-
surface if the very first layer is formed by either rientation. So one would expect that the APD
Ga or As atoms. However. any real (001) Si surface annihilation process is closely related to the pref-
will always exhibit steps. Again no APDs would erent GaAs nucleation at inequivalent steps: one
be expected if the surface steps are two atomic step will overgrow the other one, leading to APD
layer high (2'a,). where the sublattice site alloc- suppression. However, there is no actual undcr-
ation of Ga or As at both sides of the step are standing of APD evolution, mainly due to the lack
coincident. Achieving this kind of silicon surface of an experimental technique to in-situ monitor
requires very high annealing temperatures (above the APD annihilation process.
1000 * which are not compatible with current Si In a previous work [3] we demonstrated the
technology preprocessed wafers, ability of the reflectance difference (RD) tech-

Experimental results have shown [2] that single nique [4,5] to in-situ monitor the APD annihila-
domain GaAs is not achieved on exactly oriented tion process. We showed that this technique can
(001) Si surfaces, but GaAs APDs can be effec- provide accurate quantitative data in comparison
tively suppressed by growing on slightly misori- with the commonly used RHEED, which only
ented (001) Si substrates, even though they present gives qualitative information about the orientation
a high surface density of monoatoic steps (Ia 0 ). and relative abundance of domains. In particular,
In this case, the initially double domain GaAs we found that during the atomic layer molecular
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beam epitaxy [61 (ALMBE) growth, the process of If we normalize the signal amplitude AR/R dur-
domain annihilation begins at the onset of growth, ing growth of GaAs/Si to the amplitude during
such that thin GaAs layers (typically -50-100 GaAs/GaAs single domain growth, we obtain a
nm) are sufficient for achieving a single domain quite accurate measurement of the evolution of
growth front. In agreement with other authors [71, the relative extension of orthogonal domains, (A
the orientation of the final domain only depends - B)/(A + B).
on the formation or not of an As stable layer on For a well-defined detector polarization relative
the Si surface created by heating the Si substrates to the (110) and (110) crystal directions, the
at T. > 600 ' C in the presence of arsenic [8]. absolute sign of the RD signal gives the azimuth

However, the expectable relation between the of the initially predominant domain, as well as the
high density of inequivalent steps present in the final domain orientation, in agreement with
tilted Si substrates with the GaAs APD suppres- qualitative RHEED observations.
sion mechanism remains unclear at the present In this way, using RD we are able to observe
moment. during growth (layer by layer in case of ALMBE

In order to get a deeper insight, we have studied growth) the APD concentration evolution and its
in the APD annihilation process during GaAs-on- eventual dependence on growth conditions.
Si growth under a broad range of experimental
conditions, both by ALMBE and MBE. We have
extended the growth conditions [9,101, trying to 2. Experimental
actuate the kinetics of the APD suppression pro-
cess by selectively enhancing the GaAs growth in A description of the experimental reflectance
the surface steps against two-dimensional nuclea- difference technique set-up. as well as the Si
tion on the terraces. To monitor this process, we surface preparation process has been published
have used reflectance difference. This technique is elsewhere [3,51. (001) Si wafers misoriented by 20
sensitive primarily [4] to surface anisotropy in- and 4' towards 110) were used for this work.
duced by Ga-Ga dimers, and consequently to ALMBE and MBE layers were grown under
surface stoichiometry which is periodically As 4 beam equivalent pressure (BEP) of - 4 X 10 - b
changed every monolayer in case of ALMBE Torr. The Ga flux was previously calibrated by
growth, or by intentionally interrupting the As RHEED oscillations in MBE grown GaAs on
beam flux (and/or supplying an extra amount of GaAs substrate, in order to establish the adequate
Ga) during conventional MBE growth under As As pulse frequency for ALMBE growth (one pulse
stabilized conditions. per 1.0 N, Ga dose, measuring Ga doses in units

For epitaxial growth of GaAs on single crystal of N, = 6.25 x 1014 sites/cm2 on the ideal (001)

and single domain GaAs(001), the Ga-Ga dimers plane).
are all aligned along (110) direction. Then, the Low temperature (T, = 350'C) ALMBE layers
variations in surface stoichiometry produced dur- consisted of 2000 Ak GaAs grown at 0.8 mono-
ing layer-by-layer ALMBE growth cause periodic layers per second (ML/s). Growth was initiated
changes in R, 0 - R 1 ,0 reflectance difference. by opening first the Ga cell. followed by the As

However, during atomic layer-by-layer growth pulses. The duration of the As pulses was changed
of a two-domain GaAs layer on Si. different from some samples to others in order to achieve
surfaces areas will show mutually perpendicular different growth conditions, from high arsenic ex-
Ga-Ga dimer orientations and the resulting RD cess to the just amount to combine with 1.0 N, Ga
signal amplitude will be reduced by a factor pro- dose.
portional to the relative difference between the Low temperature (T,= 3000C) MBE layers
surface areas of the domains A and B: consisted of 500 A thick GaAs grown at 0.2 ML/s.

High T MBE layers (500 < T, < 5800 C) were
AR A - B R110 - R1( grown at 0.8 ML/s after depositing a 100 A

= A + B R nucleation layer by ALMBE at T,=350°C in
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order to avoid the formation of large three-dimen-
sional islands at the onset of MBE growth at high
T .

3. Results

A plot of the evolution of RD signal amplitude
during GaAs growth is shown in fig. 1. Solid and
open circles correspond to two GaAs samples 0.
grown on Si 20 and 40 off (001) respectively by /

ALMBE under As rich conditions at T, = 350 0 C
(3]. A rapid increase of the RD signal amplitude is
followed by a saturation state reached when a thin
layer of about 500 A has been grown.

The non-zero intersection of the dashed straight
line with the Y-axis shows that the starting Si
surface presents an already larger area (- 30%) of 0 200 300 400 500 600
the 2 X 1 domain. By using RHEED observations 0a As THICKNESS (A)

alone. it would be impossible to detect this initial Fig. 2. Reflectance difference signal amplitude versus GaAs

difference. Notice that under the same growth thickness during atomic layer MBE growth at T = 350'C of

conditions, and the same relative distribution of GaAs on Si 2' off (001) under "As-rich" growth conditions.

domains in the Si starting surface, the APD evolu-
tion of both samples is identical, even when the
initial average size of APDs in the 4' off substrate the growing surface and at the silicon surface
is expected to be half of that in the 2' off sub- substrate.
strate. The RD signal behaviour shown in fig. I for

The amplitude oscillations superposed on the samples grown on 2' and 40 off (001) Si sub-
RD signal are of purely optical origin and corrt strates is completely general. Under different
spond to the periodic changes of surface reflec- growth conditions, for ALMBE or MBE grown
tance due to interference between light reflected at samples, we always observe an APD annihilation

process characterized by a fast step. up to - 500
A. followed by a slow step that can even exhibit a
zero slope when APDs have been suppressed.

We have observed that under fixed growth con-

0ditions, the slope of the fast step depends on the
SF- (' _relative abundance of A and B domains in the

: / starting Si surface. Fig. 2 shows the evolution of
' o,.oRD signal. normalized to the amplitude during

- -A GaAs on GaAs single domain growth, for four
0. different samrles grown by ALMBE at 7, =

r 350'C under "As-rich" growth conditions. Al-
though the rate of APD evolution remains con-

o stant under fixed growth conditions, smaller GaAsso 00 so0 200Ga0 s THICKNESS (nm) thicknesses are needed to achieve a single domain

Fig. 1. Reflectance difference signal amplitude versus GaAs growth front (RD amplitude = 1) when the start-
thickness during atomic layer MBE growth at T = 3500C of ing surface shows larger areas of the domain that

GaAs on Si 20 off (0) and 40 off (001) (r) towards (110). will be enlarged during the annihilation process.
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/BE5 T00 starting surfaces, MBE grown samples show an,,+,E;=+o.¢.APD suppression process that is faster than AL-

MBE at "Ga-rich" conditions, which in turn is
faster than "As-rich" growth conditions.

// 

AL
I

B E

"S'., 4. Discussion

S ' Besides the observed dependence on growth

0.5 conditions, as well as on the relative domain dis-
tribution in the Si starting surface, our experimen-

* /tal results show that the APD suppression process
begins at the onset of growth and is thickness
dependent. Although the rate of APD annihilation

process depends on growth conditions, the GaAs
thickness at which we observe a change of kinetics
(about 500 A) is independent both on the density

0 t L- Z L 5 60 of steps (20 or 40 off Si substrates) and on the0 100 tOO 300 400 500 600

Ga As THICKNESS (A) growth conditions.
These results seem to point out that the APD

Fig. 3. Reflectance difference signal am plitude versus G aA s T hesei reson tsro ess m uspb inrela edttats m ee oth e

thickness during GaAs on Si 20 off (001) growth by ALMBE annihilation process must be related to some other

at T, = 3500 C under "As-rich" growth conditions (A), AL- property which is enhanced in stepped surface,
MBE T,= 350*C "Ga-rich" growth conditions (,) and MBE like the preferential formation of misfit disloca-

T, = 300 0 C (0) for similar Si starting surfaces. tions in steps [121. At this stage we think that the
GaAs on Si APD annihilation mechanisms are
someway related through the growth kinetics to

The small difference of relative size of domains the lattice relaxation mechanisms.
(domain A surface occupation changes from 54% The different rates of APD suppression ob-
to 65% in different samples) will probably be due served for different growth processes (ALMBE,
to differences in the prior to growth Si surface MBE) could easily be explained in this context.
preparation process. GaAs deposited by MBE at low T forms 3D

The same behaviour with the relative domain islands which grow an coalesce accommodating
size in the Si starting surface is observed for MBE lattice mismatch by generating pure edge (misfit)
grown layers. In particular. we do not find any and mixed dislocations. On the other hand. the
difference in APD annihilation rates for layers initial GaAs nucleation by ALMBE is two-dimen-
grown at 500 < T, < 580 'C. This range of T, was sional. This layer growth would perhaps cause a
chosen, according to other authors [9], to produce relaxation of lattice strain by generating a higher
a change of growth mode (from 2D to step flow) density of misfit dislocation as compared with
in A surfaces, expecting so far a change in APD MBE growth.
suppression kinetics. Preliminary TEM results seem to support this

We also have observed a dependence of APD new approach: ALMBE grown GaAs on Si layers
suppression rate on the growth conditions. Fig. 3 observed by this technique shows a precisely de-
shows the evolution of RD signal for three sam- limited 500 A thick highly defective region. Simi-
pies grown by MBE, T, = 300°C (solid circles), lar results were previously reported for GaAs on
ALMBE, T,- 350 0 C, under "Ga-rich" growth Si grown by MOCVD [I I].
conditions (open circles), and ALMBE, T, = More experimental work is presently underway,
350'C, under "As-rich" growth conditions (trian- including growth on Si substrates with lower miso-
gles). We can see that for comparable Si substrate rientation angles, in order to confirm a possible
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relation between APD suppression and lattice re- The authors wish to thank the CEC for support
laxation process. under the ESPRIT II project 2289 (Optical Inter-

connections for VLSI and Electronic Systems).
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Oscillatory As 4 surface reaction rates during molecular beam epitaxy
of AlAs, GaAs and InAs

J.Y. Tsao, T.M. Brennan and B.E. Hammons
Sandia National Laboratories, Albuquerque. New Mexico 87185.5800, USA

We report oscillations in the surface reaction rate of As 4 during molecular beam epitaxy of AlAs, GaAs and InAs. The

oscillations are periodic with the bilayer-by-bilayer growth cycle, and correspond to a slightly lower reaction rate approximately 1/4

of the way. and a slightly higher reaction rate approximately 3/4 of the way, through that cycle.

Crystal growth has long been known to be average value characteristic of steady-state growth.
mediated by surface microstructural defects such These "REMS" oscillations are analogous to
as adatoms, steps and kinks [1]. Measurements those seen in reflection-high-energy diffraction
sensitive to that defect microstructure have there- (RHEED) intensities [5.6]. photoemission [7]. sec-
fore been central to advances in our understand- ondary electron emission [8] and optical reflec-
ing of crystal growth. tance difference spectroscopy (RDS) [9], in that

For molecular beam epitaxy (MBE) of III/V they are periodic with the bilayer-by-bilayer
compounds, however, surface defect microstruc- growth cycle. They are unique. though. in that
ture is only half the picture. In these systems. the they establish, for the first time, a periodic varia-
growth species typically include stable molecules, tion in the chemical reactitcity of the surface during
such as As,. which must chemically react with the MBE.
surface before growth can occur. Surface chem- Our experimental geometry is nearly the same
istry is therefore a crucial second half of the as that described previously [10]. An unapertured
picture. Indeed, we expect the overall dynamics of UTI-100C mass spectrometer, recessed in a liquid-
crystal growth to be determined by a complex nitrogen-cooled housing. is attached directly to an
interplay between surface chemical reactivity and effusion-cell port of a state-of-the-art (Riber 32P)
surface defect microstructure [2]. III/V MBE chamber. Due to improved liquid-

Thus far, however, very little is known about nitrogen transfer to the cryoshrouds of this chain-
the dependence of surface chemical reactivity on ber, background signals from volatile As4 not
surface defect microstructure during III/V MBE. originating from the wafer surface were somewhat
Nearly all previous direct studies of surface chem- lower (approximately one-sixth of the line-of-sight
istry during 111/V MBE have been performed on signals) than in our previous studies.
surfaces having an "average" microstructure char- In this growth chamber, we routinely observe
acteristic of steady-state growth [3.41. REMS oscillations during MBE of AlAs. GaAs

In this paper. we report reflection mass spec- and InAs on carefully smoothened vicinal surfaces
trometry (REMS) studies of reactive sticking of of the same material. The oscillations are most
As 4 and desorption of As2 during MBE of AlAs, intense, however, during MBE on "nearly singu-
GaAs and InAs on carefully prepared. smooth lar" substrates. Therefore. in this paper we restrict
(001) surfaces. We rind, interestingly, that in all ourselves to presenting measurements during MBE
these systems the reaction rate of As4 with the on a GaAs wafer miscut by less than one-twentieth
surface oscillates initially, before settling to an of a degree from (001). We also restrict ourselves

0022-0248/91/$03.50 , 1991 - Elsevier Science Publishers B.V. (North-Holland)
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to measurements during AlAs MBE, which is the parent molecules, it is necessary to measure ion
system we have studied most systematically thus currents at two mass/charge (m/q) ratios.
far, and in which REMS oscillations are quite In this study, by multiplexing the mass spec-

reproducible. Even under such favorable condi- trometer at 0.025 s intervals, we measured ion
tions, of course, careful surface preparation is currents "simultaneously" at m/q = 150 amu/e
important: prior to these measurements, a 1 jem (nominally As2), and m/q = 300 amu/e (nomi-
thick GaAs buffer layer was grown at 580°C, nally As'). These ion currents can be linearly

followed by a 1 jm thick buffer layer of AlAs at related to the fluxes leaving the surface according
620 0 C. to:

During buffer layer growth, and during all of i m 22
1 2 t + m 24(4°"'), (1)

the measurements described here, the surface was --0 M22As 4

bathed in a flux of pure molecular As 4. From iREMS-m (4I2u). (2)
previous studies [11], the As fluxes leaving such a 

(

surface are thought to consist exclusively of As4  The three matrix elements can be determined from
and As. A superposition of the cracking patterns the cracking pattern of known outgoing As 4 fluxes,
of these two parent molecules, weighted by their and from the responses of outgoing As 4 and As,
relative fluxes, determines the measured mass fluxes to variations in temperature and group III
spectrum. Hence, to deduce the fluxes of these two fluxes during MBE [14]. For the operating condi-

AIAs/AlAs(001): 0.32 BL/s (eg3015)

II l I I

1.2

0 4 jut+ ,.ut

JA4

0.32 ML/s

- 0.8

-. 6 0.6

0.4 - . s/BL* 0.32 .,,

2jout  
__

0.2

25 30 35 40 45
Time (s)

Fig. I. Time-resolved As4 and As2 fluxes leaving the surface during AlAs MBE at 0.32 bilayers/s. Initially, the Al shutter is closed.
so that all the As4 that strikes the surface leaves, either as "reflected" As4 , or as "desorbing" As 2. At t - 30 s. the Al shutter is
opened. As must now incorporate into the growing AlAs crystal, and both As fluxes leaving the surface decrease. Finally, at t - 45 s,
the Al shutter is closed, and the As fluxes leaving the surface return to their initial steady-state values. The vertical lines indicate the
0. 2w. 4w and 6w points in the bilayer growth cycle, relative to the initiation of growth. The solid line drawn through the 4jA.r data is

a nonlinear-least-squares fit to eq. (3).
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AAs/AlAs(001): 0.45 BL/s (eg3012)
I I I I I
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Fig. 2. Same as fig. 1. except at a growth rate of 0.45 bilayers/s.

tions of this study, they were found to be M22 - 6.1 closed. In the absence of growth, all the As 4 that
nA s/ML, M 24 - 1.2 nA s/ML, and m4 - 1.7 nA strikes the surface ultimately leaves. Not all the As
s/ML, where 1 ML represents the number density leaving the surface, though, leaves as As4 . At this
of As (or Al) atoms on a bulk-terminated As (or relatively high temperature, approximately 36% of
Al) surface of AlAs (001). Then, by inverting eqs. the incident As 4 cracks and ultimately leaves the
1 and 2, outgoing fluxes can be deduced from surface as As 2.
measured ion currents. Note that the ion current At t = 30 s, the Al shutter is opened, AlAs
at m/q = 150 amu/e is especially sensitive to the MBE is initiated, and both the reflecting As4 and
As2 flux leaving the surface, while the ion current desorbing As 2 fluxes decrease. The total As flux
at m/q = 300 amu/e is sensitive exclusively to the leaving the surface decreases by 0.32 ML/s in fig.
As, flux leaving the surface [121. 1 and by 0.45 ML/s in fig. 2. so as to consume

In figs. I and 2, we show two examples of exactly the Al fluxes incident on the surface.
outgoing As fluxes during AlAs MBE on AlAs Finally, at t = 45 s, the Al shutter is closed, and
(001) at 629* C, deduced from REMS measure- all the outgoing As fluxes recover to their initial
ments and eqs. (1) and (2). For both figures the steady-state values. Note that in neither figure is a
As 4 flux incident on the surface in units of equiv- "tail" observed in those recoveries. The absence of
alent As atoms was 4jA.4 M 1.1 ML/s ( o 6.9 x 1014  such a tail indicates that the incident Al had
cm 2 s - 1). For fig. 1 the Al flux incident on the already been entirely consumed by As. For lower
surface was j,", -0.32 ML/s (_ 2.0 X CM- V/Ill flux ratios, not all the incident Al need be
s- ) for fig. 2 it was jZj - 0.45 ML/s (- 2.8 x 1014 so consumed, and pronounced tails are observed
cm -2 s-1). in the recovery of the outgoing As fluxes [141. In

The sequence of events in both figures is as this study, we deliberately avoided V/II1 flux
follows. Initially, for t 4 30 s, the Al shutter is ratios (defined as jA,,/jAn) lower than 0.53, both
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to avoid such tails, as well as to avoid deviations . 5

from the usual As-stabilized 2 x 4 surface recon-
struction during growth. 0 4

The overall features seen in figs. l and 2 can be 3 -

qualitatively understood on the basis of a balance
between (a) cracking of incident AS4 followed by 2 -

chemisorption of As, which increases the As J
coverage, and (b) desorption of As 2 and chemiso-
rption of Al, which decrease the As coverage [13]. 0._ r _ _ _

Turning on the AI flux decreases the As coverage, b .-300 -
and thereby increases the (presumably Al-cover- 3

age-dependent) cracking of As4 and decreases the
(also presumably As-coverage-dependent) desorp- 200

tion of As.

These overall features are always present, even 100 , -  -

on vicinal surfaces, or on nearly-singular surfaces C.

imperfectly prepared. They therefore probably 01
represent some sort of average behavior of a 0 1 2 3 4 5

quasi-steady-state distribution of surface defects. Bilayer Growth Time (s)

However, on well-prepared, nearly-singular sur- Fig. 3. REMS oscillation periods 1/i, (a) and phase offsets o
faces, we see, superimposed on this average behav- (b) deduced from fits to time-resolved reflected As 4 fluxes

such as those shown in figs. I and 2. as a function of bilayer
ior. oscillations in the As 4 flux leaving the surface. growth periods known from thickness and RHEED oscillation

Qualitatively, these "REMS oscillations" are most calibrations. The dashed lines represent equivalence between

intense under approximately the same conditions the two periods (a) and 113° (b).

that RHEED oscillations are most intense (for
AlAs, in the temperature range 590-640 'C). They
are, however, somewhat more sensitive than are dal oscillation with frequency , and phase offset
RHEED oscillations to the smoothness of the 0.
starting surface. We have found, e.g., that oscilla- The best-fit oscillation periods, l1/v, for meas-
tions during AlAs MBE can only be reproduced urements at various growth rates are shown in fig.
consistently at 620°C if the surface is first 3a. As can be seen, they agree quite well with
smoothened by a growth interruption greater than growth rates deduced from the periodicity of
-30 s. At lower growth temperatures, either RHEED oscillations. They also agree, from in-

longer interruptions or higher temperature anneal- spection of figs. 1 and 2, with the decrease in the
ing is required. total As flux leaving the surface upon opening the

To quantify the oscillations in figs. I and 2, we Al shutter. Therefore, from a technological point
have performed nonlinear least-squares fits (shown of view, REMS oscillations and As REMS "defi-
as solid curves through the decaying portions of cits" are both potentially useful alternatives to
the outgoing As4 fluxes) to the empirical form, RHEED oscillations for real-time measurement of

(t) kAe ,, AA e (0 growth rate.
It is evident from figs. I and 2, however, that

xcos[2r ,(t- to)- ], (3) the REMS oscillations are relatively weak. They
damp quickly (on a time scale comparable to the

where t, - 29.92 s is the time at which the Al oscillation periods themselves), and their initial
shutter was opened. The first two terms corre- amplitudes are small (roughly 5% of the total As 4

spond to the non-oscillatory part of the overall flux incident on the surface). It is therefore not
decay of the outgoing As 4 flux. The third term implausible that they be caused directly by step
corresponds to an exponentially damped sinusoi- density oscillations during growth, since the am-
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plitude of such oscillations might be expected to poration of Ga and As species on terraces [211.
be of that same order of magnitude [15]. Indeed, the measurements reported here appear to

Interestingly, over the range of growth condi- be consistent with such a mechanism. However,
tions studied here, the phase offset of the oscilla- experimental evidence appears to favor the domi-
tions relative to the initiation of growth is 0 - nance, at least for some growth conditions, of
113', as shown in fig. 3b. In other words, As4  mechanisms for "hetergeneous" incorporation at
reacts with the surface least rapidly approximately defects such as steps [22,231. Perhaps both mecha-
1/4 of the way through the bilayer growth cycle, nisms are important, but under different growth
and most rapidly approximately 3/4 of the way conditions.
through the bilayer cycle. Although there is cur- Ultimately, it will of course be interesting to
rently some uncertainty as to the interpretation of finally combine a microscopic understanding of
phase offsets observed in RHEED oscillations, microstructure-dependent elementary attachment
one anticipates that at the 1/4 bilayer point the mechanisms with rate-equation models [24] or
creation rate of steps might be highest, and that at Monte Carlo simulations [25] of the large-scale
the 3/4 bilayer point the annihilation rate of steps evolution of III/V surface microstructure, and to
might be highest [16]. If so, then the creation of eventually predict macroscopic measurements such
new steps would seem, counterintuitively, to be as those reported here.
associated with a decreave in surface As, while the
annihilation of steps would seem to be associated We would like to acknowledge helpful con-
with an increase in surface As. versations with Jack Houston and Paul Peercy.

Finally, it is interesting to note that, although This work, performed at Sandia National Labora-
the reflected As4 flux oscillates measurably, the tories, was supported by the United States De-
desorbing As, flux does not. Partly, this may be partment of Energy under Contract No. DE-
because at these growth temperatures the As, de- AC04-76DP00789.
sorption fluxes are much lower than As4 reflected
fluxes; superimposed oscillations might be too
weak to observe with our present signal-to-noise References
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Accurate measurement of MBE substrate temperature

W.S. Lee, G.W. Yoffe, D.G. Schlom and J.S. Harris, Jr.
Department of Electrical Engineering, Stanford University, Stanford California 94305. USA

The behavior of real substrate temperature for radiatively heated MBE holders is measured using changes in the bandgap and
refractive index with temperature. The infra-red spectroscopy techniques utilized are not sensitive to window coating and have no
adjustable parameters. Using bandgap changes with temperature, we observed that the change in real substrate temperature is
approximately 60% that of the indicated thermocouple change and that variations as large as 15*C occurred between "nominally
identical" substrate holders. The real substrate temperature also changes by up to 10 0 C during growth and with opening and closing
of high temperature doping furnaces.

1. introduction mission or reflection mode, which is useful with
opaque substrates or at low temperatures. Both

Accurate substrate temperature measurement methods use material-dependent parameters with
has been a problem for molecular beam epitaxy no adjustable factors, such as emissivity. Both
(MBE) ince the introduction of rotating substrate utilize spectral shape rather than absolute radiated
holders. This problem was further exacerbated by power as the measurable quantity and are thus
non-In-bonded, radiatively heated substrate hol- unaffected by window absorption or coating with
ders. While these innovations have significantly time. We utilize these techniques to clearly dem-
improved MBE growth, they have created prob- onstrate some of the long suspected problems of
lems for both accurate substrate temperature current MBE thermocouple measurements; tem-
measurement and control because the monitoring perature changes during growth, run to run varia-
thermocouple is not in direct contact with the tions with different, but "nominally identical"
substrate. This separation causes a discrepancy substrate holders and the effects of opening hot
between the real substrate temperature and the furnace shutters during growth.
monitoring thermocouple measured temperature,
since the thermocouple senses the combined ef-
fects of the substrate heater, the holder, the source
furnaces and the substrate. It is also sensitive to 2. Expermental procedure

the thermocouple location in the cavity. Because
of the question of how strongly the thermocouple Our MBE system is a 3 inch Varian GEN-I
is coupled to the substrate versus the cavity, we machine. The optical spectroscopy measurement
have examined the sensitivity of the thermocouple system is identical to that which we utilized before
to measure changes in the radiation environment [11, with the exception of the detector, which is
resulting from a variety of effects. now a 1 mm2 germanium avalanche photodiode

In this work, we have extended our previous operated at room temperature. The system resolu-
work utilizing optical spectroscopy to measure tion is - 2 A depending on spectrometer slit
substrate temperature using the temperature de- width. This corresponds to about 1°C tempera-
pendence of the bandgap energy [1]. We also ture resolution, which can be achieved at higher
report a new method utilizing the temperature temperatures (> 700 C). At lower temperatures,
dependence of the refractive index in either trans- because of lower radiated power from the heater,

0022-0248/91/$03.50 0 1991 - Elsevier Science Publishers B.V. (North-Holland)
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the resolution is - 2 'C and the limiting factor is , ST-.-EP

noise from the uncooled Ge detector. C-SE
The wafers used in these experiments were 500 _

urm thick, double side polished. 2 inch diameter o '!
GaAs wafers. They were mounted on standard M
Varian 2 inch Mo inserts, fitted to the 3 inch O 0. 5

substrate holder [2]. Substrates are viewed through
a 1 inch diameter sapphire window in the center E

of the source shroud. For transmission mode mea- 060°c
surements. the substrate heater is used as the light z

source: for reflection mode measurements, a 0.95 1 1.05 1.1 1.15

tungsten lamp is incident through the viewport Photon Energy (eV)
and the reflected beam is collected by the fiber Fig. 2. Normalized transmission vs wavelength curves extracted

bundle without an imaging lens. from the data of fig. 1.

3. Results and discussion and 12,000 A. corresponds to blackbody radiation
from the substrate. In this region, light from the

3.1. Temperature measurement by absorption edge heater is completely absorbed. The second region.
shift between 12,000 and 12.400 A, is due to the ab-

sorption characteristic of the wafer. The third
Since GaAs is a direct bandgap material, it has region. between 12,600 and 13,000 A, is due to

a well defined, sharp absorption edge. Proper ex- blackbody radiation from the heating element be-
traction of the absorption characteristic can pro- cause the wafer is transparent in this region.
vide an accurate measure of the substrate temper- In order to extract reliable absorption char-
ature. A series of transmission spectra through a acteristics from these curves, we first measure the
semi-insulating (SI) GaAs substrate at various combined characteristics of the heater blackbody
thermocouple settings are shown in fig. 1. There emission and measurement system transfer char-
are three regions in the spectra and all three are acteristic (window, lens, fiber, spectrometer and
utilized to extract a reproducible bandedge for detector) without a wafer in the holder. We then
analysis. (We pick the 8000C curve to define the divide the spectrum in fig. I by this emission
three regions.) The first region. between 11,000 spectrum-system transfer function. The blackbody

emission from the substrate is then subtracted and
the spectrum is normalized. A series of normalized
transmission spectra corresponding to different
thermocouple temperatures are shown in fig. 2.

-. These spectra clearly show sharp absorption char-
800 wC acteristics for different temperatures, however, the

expected exponential variation of the absorption
S700 C coefficient at the bandgap is hidden by residual

- , blackbody radiation from the wafer. With this
- , ,,-, 600 °C uncertainty, we have opted to use an extrapolation

.E between the 30% and 70% points to find the 50%
--- . . point of the normalized spectra as the measure of

11000 12000 13000 bandgap energy.
Wavelength (A) The extracted bandgap variation versus MBE

Fig. 1. Transmission spectra through a semi-insulating GaAs thermocouple temperature (dE./dT) exhibits a
substrate at various thermocouple temperatures. substantial difference compared to the values
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measured by Thurmond [31 with a thermocouple believe that the emissivity of the substrate insert
connected directly to the substrate. The variation increases both because the emissivity of GaAs is
in real temperature is approximately 60% that larger than Mo and because the deposited GaAs is
indicated by the MBE thermocouple between 600 polycrystal with a roughened and darkened
and 800 C. This same discrepancy in temperature surface. The measured radiation from the heater
has been observed by pyrometer [2]. We believe indicates a temperature increase to maintain the
this discrepancy is largely from coupling between same cavity and thermocouple temperature. Since
the radiative heating element and the temperature the thermocouple reading is a weighted average of
controlling thermocouple. which is located about 2 the heating element and real substrate tempera-
mm behind the center of the substrate. Since the ture, the higher heating element temperature means
heating element is much hotter than the substrate, a lower real substrate temperature for the same
even weak coupling from the radiator will seri- thermocouple reading.
ously effect the thermocouple reading. In our sys- Using this same technique, we measured the
tem, a V0 C increase in thermocouple reading is temperature variation between 3 different, but
composed of a 0.6°C increase in real substrate "nominally identical" holders. These holders were
temperature and a 0.40C increase due to thermal all freshly etched, baked and had - 5 tjm of
coupling. GaAs deposited on them. However, for the same

It has long been suspected that the actual sub- set point and thermocouple reading of 600°C, we
strate temperature changes during growth. We observed a holder to holder variation of 15'C in
have measured the thermal effect of GaAs coating real substrate temperature as measured by the
a shiny substrate holder during growth. The holder bandedge shift. We also compared the real tem-
starts out freshly etched and metallic. We first perature of an n ' substrate with a SI substrates.
measure the transmission spectrum of a semi-in- Not surprisingly, the added free carrier absorption
sulating GaAs substrate at 600, 620 and 640' C on of the doped substrate results in a 25 °C higher
a clean holder. Spectra were measured with and temperature for the doped substrate.
without substrate rotation and there was no dif-
ference. The measurement was repeated after 3.2. Temperature measurement from refractive in-
growing 20 jIm of undoped GaAs with a constant dex change
set point of 620'C, as showa in fig. 3. After 20
jim of GaAs deposition, the holder becomes dark. Yoffe et al. [4] demonstrated that an AIGaAs/
While the substrate set-point and thermocouple GaAs quarter-wave interference filter has a sig-
reading are identical, the actual substrate tempera- nificant spectral shift with changes of tempera-
ture on the darker holder is lower by 100C. We ture. A quarter-wave filter consists of alternating

layers of two materials with different refractive
indices, but identical quarter-wave optical length

o• (thickness X refractive index). Yoffe [5] demon-
* 20 pim GaAs strated that the peak shift in these filters is linear

E i with refractive index changes up to more than
4 10%. Since the refractive indices of GaAs and

64 C AlAs are sensitive to temperature changes, these
structures can be used to measure the actual sub-

Shiny Holder strate surface temperature by measuring shifts of
E either the transmission of reflection spectra. The

z experimental structures consisted of alternating

11000 12000 layers of GaAs and AlAs with the same optical
Wavelength (A) length. Since the detectivity of Ge detectors drops

Fig. 3. Normalied transmission spectra of a St GaAs suh,,rate rapidly beyond 1.5 jim and the bandgap of GaAs
for shiny and dark (coated hy 20jum of GaAs) holder surface, at 550°C is - 1.1 eV (1.1 tim). the available
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window for the present set-up for transmission T. C. -450 *C

measurements is between 1.1 and 1.5 jm. We thus
selected GaAs and AlAs thicknesses of 900 and a b

1050 A, respectively. The growth rate was
calibrated by reflection high-energy electron dif- , 4-
fraction (RHEED) oscillations just prior to growth.
After the growth, the transmission spectra shift
with temperature was measured. Due to con-
straints of our experimental set-up, the calibration
spectral shift measurements were made between /S -i a1stB000) 1200Ctr Closed

30 and 150* C. The shift was linear with a slope of lox
0.98 A/' C. Since the refractive index versus tem- Fig. 5. Substrate temperature variation with source furnace
perature of GaAs and AlAs [6] are not known for shutter opening and furnace temperature change. (a) Optical

intensity as a function of wavelength at 450 (solid curve) andthe higher temperature range of MBE interest, 458* C (dashed curve), respectively. The substrate thermocou-

accurate measurements need to be done to obtain pIe reading was constant at 450 0 C during this measurement.

accurate absolute temperatures. Transmission (b) Intensity increase as a function of time for first, the shutter
spectra are normalized by the substrate heater opening with an I100*C furnace temperature. and second, an

radiation intensity. The spectra shown in fig. 4 increase in furnace temperature to 12000 C.

clearly demonstrate the temperature shift, with
little spectral shape change. However, we observe
a change in the rate of the shift from a low scanned, and the spectrometer is then set to a
temperature value of 0.98 to 0.84 A/ 0 C at 600 0 C. wavelength (X or X' in fig. 5a). Since the transmis-
This same type of discrepancy between thermo- sion spectrum moves by - I A/ oC, the intensity
couple and actual substrate temperature was ob- change at a given wavelength is a direct measure
served in the band edge measurement described of the substrate temperature fluctuation. The in-
previously, tensity change when a source shutter is opened is

Using the transmission spectra shift of the shown in fig. 5b. In fig. 5a. the solid line corre-
above quarter-wave filters, we measured the effect sponds to a transmission spectrum at 4500 C. The
of source furnace shutter opening on substrate dashed line is shifted 8 A from the solid line, thus
temperature. The system is set to maintain a con- corresponding to an increase of 8°C in the sub-
slant value of the substrate thermocouple and the strate temperature due to substrate heating from
substrate is not rotated to eliminate layer nonuni- the open source. In order to verify that this inten-
formity effects. The transmission spectrum is first sity change is not due to heater emission intensity

change or stray light from the source furnace, the
same measurement was done at X'. The measure-

C 550'C 65o'C ment shows a dip. corresponding to the same
4 C spectral shift as before. In this measurement, the

E thermocouple reading has been kept at the same
..a /\ temperature. Since high temperature sources, like

Ga. Al. and Si. are open during the growth. the
actual temperature during this time might be much

" * higher than that measured with all the sources
/ closed. This effect might explain some of the
_0 temperature discrepancies which occur between

13200 14200 different MI3E systems. Some growers use the
Wavelength (substrate thermocouple for maintaining tempera-

Fig. 4. Normalized transmission spectra through a quarter-wave ture during th,: entire growth. while others set the
filter as a function of measured thermocouple temperature. growth temperature by infrared pyrometer with all
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of the sources closed. During growth, the thermo- opened while the thermocouple was maintaining
couple maintains the same cavity and thermocou- the same set point temperature. All of these results
pie temperature, however, the real substrate tem- show that in growths requiring accurate tempera-
perature might easily vary by 250 C or more due ture measurement and control, we cannot rely on
to deposition on the substrate holder and different the current MBE thermocouple configuration for
furnace operating temperatures and configura- adequate input for system temperature control.
tions.

Another variation of temperature measurement
with the quarter-wave filter is in a system where Acknowledgements
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A novel in-situ molecular beam epitaxy monitoring system using low
energy ion scattering

Minoru Kubo and Tadashi Narusawa
Semiconductor Research Center. Matsushita Electric Industrial Co., Ltd. Moriguchi, Osaka 570 Japan

Low energy ion scattering (LETS) is introduced as a novel in-situ molecular beam epitaxy (MBE) monitor, which is highly
sensitive to local atomic structures of the substrate surface and provides information complementary to the conventional electron
diffraction techniques. LEtS is applied to a study of surface steps of GaAs substrates during MBE growth. By demonstrating the
sensitivity of the new monitor to atomic steps on the substrate surface, we demonstrate its usefulness for analyses of dynamical
surface defect processes, which often play a crucial role in the growth of sophisticated device structures.

!. Introduction ions to substrate surface, then find a linear corre-
lation between the surface step density and the

In-situ monitoring of molecular beam epitaxy He' ion scattering intensity under a certain
(MBE) has been carried out mainly by methods of scattering geometry. These results demonstrate a
electron diffraction, namely, reflection high-en- unique application of LEIS.
ergy electron diffraction (RHEED) and variations
such as micro-beam RHEED and scanning
RHEED. These techniques have provided useful 2. Experimental
information towards improving epitaxial film
growth [1-3]. These diffraction techniques require The MBE-LEIS system is shown schematically
long range order in the substrate/film atomic in fig. 1. The LEIS beam line and spectrometer is
structure, and therefore detailed local structural combined with a MBE chamber via a 70 mm port.
information such as surface step densities and The He ' ion beam is produced in an ion source of
other structural parameters has not been obtained, electron-impact type. and accelerated in the range
We introduce here a novel in-situ MBE monitor- of 0.5-5 keV. After being shaped into a pulsed
ing system [4], low energy ion scattering (LEIS), as beam by two pairs of electrostatic deflection plates.
a structure-sensitive analytical method [5.61. It the ion beam impinges on the substrate surface.
utilizes keV He* ion scattering at the surface The beam current and diameter are 10 nA and
which is particularly sensitive to the local surface - 10 mm, respectivelya t the substrate surface.
atomic structure during MBE growth. Therefore, Scattered particles, both ions acid neutrals, are
the information provided by our method is com- energy-analyzed by a time-of-flight (TOF) spec-
plementary to conventional RHEED techniques. trometer and detected by a microchannel plate
and useful for precise control of MBE growth (MCP) with 1 ns resolution. Two MCPs are located
conditions. at the scattering angles of 160 0 and 180 0, but the

In this paper we describe the apparatus and 1800 detector is mainly used in the present study
apply LEIS to a study of surface steps during the for the ease of analysis. Details of the system are
MBE growth of GaAs. We first observe a char- described elsewhere [4].
acteristic variation of the He' ion scattering in- Experiments were carried out by iteration of
tensity with respect to the incident angles of He* MBE growths and LEIS measurements. The MBE

0022-0248/91/$03.50 i 1991 - Elsevier Science Publishers B.V. (North-Holland)
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-FLIGHT PATH~LEIS

MBEG GrowhTAhmGe

Fig. 1. Schematics of MBE-LEIS apparatus.

growth used conventional K-cell and shutter sys- R(A) at distance L(A,) in the present regime is

tems. The substrates were n-type GaAs miss-ori- represented by [7,8]:
ented off the [100] axis by 2o-6 ° . These wafers i/
were used for calibration measurements of surface R = (0.924 - 0.182 In(a) + 0.0008a) x 2(bL) / 2

step densities. The substrates were mounted on a a = 2(bL ) 1/ 2/a. b = Z1Z2e2/E,
2-axis UHV goniometer. Angular distribution of
scattering intensities was measured by rotating the
substrate with a stepping motor. The ion dosage
per spectral measurement was approximately 0.02
jsC/cm2 , which is 2-3 orders below the value He* 1.6KeV .

that may cause a damage to surface atomic struc- GaAs(100)

+~ ++

ture. 010 .

'OR

3. Results and discussion >
[--=57.6

3.1. Angular distribution of LEIS aa tusity

Z
Fig. 2 shows typical TOF spectra of He par- R -.

ties scattered by thermally cleaned GaAs(100) r by [7,81:

surface. The incident angles of He ion beam to the
substrate surfac he a) arat 43.2 and 57.60 in the 2 1E,
(001) plane. Although we cannot clearly dis- 

tinguish between Ga and As in the spectrum there
exists a drastic change in the scattering intensity. dose .
When a hic the incidence is along the <110) 4 6 8 10

450, FLIGHT TIME (lisec)

chanelig diecton, nd caterin islimied nly Fig. 2. Time of flight spectra of He particles scattered byfrom a few topmost layers because of shadowing GaAs00) surface. The incident angle of the He ion beam ot

effects. In contrast, the scattering intensity at a = the substrate surface is 57/.60 (upper panel), and 43.20 (lower
6tu is greatly enhanced. The shadow cone radius panel
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angle of ion beam is smaller than a certain critical
He+ 1.6keV '- value (ac), the backward ion scattering cannot be

GaAs(100) observed [9-11]. We call this the surface shadow-
jing effect. In practical measurements by LEIS in

the (110) and (010) planes, the critical angles are
A .. calculated to be about 150 and 12' , respectively

a e* from ac =tan -(R/L), where L is the nearest-
- t . neighbor distance along each azimuthal direction.

0 1 These rather large values of the critical angle
a 6' Gap R originate from the large scattering cross sections

L L ID for low energy ions, and enable measurements of
0 30 60 90 120 150 180 the profile near a. As we see in fig. 4, surface

INCIDENT ANGLE a (deg) imperfections such as vacancies and steps bring
Fig. 3. Scattering intensity as a function of incident angles for about the backward scattering even when the inci-

Gai" 100) surface, dent angle is below a. The scattering intensity in

such a geometry, therefore, offers a sensitive meas-

where E is the ion beam energy (eV), a is the ure of the density of surface imperfections.

screening length, 0.4685/(Z"/2 + Z' 2
1/)2/1, for the In order to calibrate the scattering intensity

atomic numbers Z, and Z2, and e2 = 14.4 eV A. near the critical angle against the surface step

Putting appropriate values for these parameters in density, we have made measurements using just

the equation, we find that the envelope of the (100) oriented and slightly off-angled GaAs wafers.

shadow cone by the 1st layer atom coincides with The wafers were thoroughly cleaned thermally at

the location of the 2nd layer atom within an error 500'C in an As environment. Off-angled wafers

of 0.1 A. This is the so-called focussing effect of were assumed to contain equally spaced di-atomic
ion beams. steps. The density of such surface steps was calcu-

The overail angular distribution of scattering lated for each off-angled wafer, and expressed in

intensity is shown in fig. 3. The profile is symmet- units of cm-, i.e. the total length of step per unit

ric reflecting the high crystalline quality of the area.

substrate. The channeling dips can be seen at Results of measurements and calculation are

a = 45 , 90 °
* . and 1350 together with the focuss- shown in figs. 5 and 6. Since the wafers are

ing peaks at several angles. In the next section, we off-angled toward the (111) direction, angular

pay attention to the profile in the vicinity of 00, scans were made in the (110) plane, so that the ion
which provides surface step-related information, beam hits the step line perpendicularly. The pro-

file for the just oriented wafer in fig. 5 shows a

3.2. Scattering by surface steps steep decrease in the scattering intensity near the
critical angle, whereas those for off-angled wafers

As schematically shown in fig. 4, if the sub- have significant bumps around a = 100 indicating
strate surface is ideally flat and when the incident the scattering by surface steps. The scattering in-

tensity evaluated for each profile is plotted against

He* He the calculated surface step density in fig. 6. The
three plots show a fair linearity and suggest that

._ ,- .- the scattering intensity at just below the critical
-C -. - - " " . angle is, in fact, proportional to the surface step

- - density. However, the extrapolated line does not
- pass through the origin of the coordinate. The

- - content of this offset is not clear, but may result

Fig. 4. Schematics of surface step structure and the principle of from a misassumption that the just oriented wafer
surface step detection by LEIS. is completely step-free, or a misevaluation of the
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60

He' 1.6keV GaAs(100)
He

+ 1i6keV

R o1fa00ledGaAs(100) ls> 09* As4 flux -4xlO" 6Torr

- 40 -

z
E-z -

z 50 z
S20

0001 0 just

w 0 A A roff

A I I I

0 1 20 30 0 200 400 600 8000 10 20 30 40
SUBSTRATE TEMPERATURE i°C)

INCIDENT ANGLE a (deg Fig. 7. Dependence of scattering intensity on substrate temper-

Fig. 5. Angular profiles of scattering intensity from several ature during MBE growth.
off-angled substrate surface.

-400 °C. The average film thickness was - 20
extra scattering intensity. In any case. further study monolayers. At this stage, the scattering intensity
is necessary to clarify the point. at < ac was very high, reflecting a roughness of

the substrate surface. Then the As 4 flux of - 4 X
3.3. As incorporation into Ga clusters 10-6 Torr was supplied with the substrate temper-

ature raised step by step. Variation of the scatter-

We have applied LEIS to monitor the surface ing intensity at a = 9 0 ( < at) in the course of this

steps during MBE growth of GaAs. By opening temperature increase is shown in fig. 7. The

only the shutter for the Ga K cell, Ga clusters scattering intensity from the clean surface and
from as-Ga-deposited surface are labeled A and B.were formed on a clean CaAs(100) srespectively. With the increase in the substrate
temperature, the scattering intensity decreases. The

60 tendency is notable in the temperature range of
He+ 1.6keV G=9 °  500-600o C. In fig. 7 the scattering intensity does

not recover completely from the level B to A even
off-angled GaAs(1OO) after heating at - 800oC for several minutes.

40 This indicates that - 20 monolayers of Ga atoms

z are too thick to be flattened out thermally. Another
opossibility is a spontaneous formation at such az 6°°ff high temperatures as - 800 o C.

20 -off The results described above suggest that the
initial Ga clusters are flattened out due to a com-

2offpetitive phenomenon of the migration of Ga atoms
and adsorption of As atoms. Once a migrating Ga

an atom reacts with an As atom, a stable GaAs
0 1 2 3 4 5 "molecule" is formed and is bound to a certain

STEP DENSITY (106/cm) site in the substrate surface. The As atoms do not
Fig. 6. Dependence of scattering intensity (at a - 90) on step adsorb onto such sites but only to free Ga atoms.

density. If this is the case, the incorporation of As atoms
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Surface segregation in 111-V alloys

J.M. Moison, F. Houzay, F. Barthe, J.M. Gerard, B. Jusserand
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J. Massies and F.S. Turco-Sandroff *
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Recent measurements which demonstrate the occurrence of surface segregation during the MBE growth of llllllb-V ternary
semiconductor alloys and llla-V/lll-V,- heterostructures are reviewed. This preferential segregation drives to the surface one of the
third-column elements involved, to the expense of the other, within their common sublattice. In ternary alloys, the surface is found to
be nearly binary, and a short-scale interface roughness is detected in heterostructures. For arsenides, the direction and extent of the
segregation process follow the In > Ga Al order. We discuss possible origins for the segregation process and the ability of standard
segregation models to describe the results on ternary alloys and to predict composition profiles for any given heterostructure. These
predictions are compared to recent measurements by high-resolution microscopy, ion scattering photo-luminescence, or Raman
scattering. Possible applications of the segregation process, and also remedies for avoiding it are finally discussed.

I. Introduction atomic level? At usual growth temperatures (
600 C), bulk diffusion is not operative due to the

High-quality materials can now be built by lack of vacancies; atomic arrangments are de-
molecular-beam epitaxy (MBE) into complex termined during growth by surface or near-surface
tailored structures with pattern sizes down to processes and frozen after burial. Surface-located
atomic distances such as superlattice alloys, ultra- displacements which provide the surface mobility
thin quantum wells with lattice-mismatched corn- are necessary to obtain high-quality material, but
pounds, tilted superlattices obtained by fractional they can simultaneously lead to exchanges be-
monolayer growth. etc. At such pattern sizes, and tween substrate atoms and impinging atoms, for
with such steep composition and lattice parameter instance at growth steps, which would degrade the
gradients, the heterointerface roughness is all the planned composition gradients. We show here that
more important. Obviously, maximum care must preferential segregation of some third-column
be exercised in MBE procedures, for instance by atoms at the surface is one possible driving force
optimizing the accuracy of fractional deposits and for such exchanges.
smoothing the layers by growth interruptions. Preferential segregation at surfaces, interfaces,
However, even with optimal precautions, leading grain boundaries, etc. have been known for a long
to a perfectly flat growth surface at the comple- time in metallurgical science, both in the domain
tion of each monolayer, can intrinsic atomic dis- of impurities (e.g. carbon segregation to iron grain
placements still limit the abruptness of the final boundaries) and alloys (e.g. surface enrichment in
interface? In other words, is there some kind of Cr of Fe-Cr alloys) [1]. Similar alloy effects have
quantum limit to the quality of interfaces on the been reported in III-V ternary alloys, where they

involve bulk-surface redistribution within one
* Present address: Bellcore. 331 Newman Springs Road, Red sublattice, the third-column metal one for the case

Bank. New Jersey 07701. USA. of arsenides. Preferential segregation effects may
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also lead to dopant redistribution. At heterointer- AES G-- A 0 3As in o .As ..

faces, phenomena which drive substrate atoms to x, 2keV b -
the top of the growing overlayer have also been . .*

observed [2]. We review here the data obtained in ca/c.

ternary arsenides and discuss their description by
standard segregation theory, considering their de- /i \ I
viations from true thermodynamic equilibrium. Z ,-
Predictions of this approach for heterointerfaces exp \/ \iI

and atom-sized structures are then compared with / AVtC 1 j

recent experimental data. We finally evaluate pos- ------ --------- -- - -.
sible ways to use or rather fight this phenomenon. - O 6 - 7"0 50 55 400 410

ELECTRON KINETIC ENERGY E (eV)

Fig. 1. AES spectra of Ga 0 .7 Alo.3As (a) and Ino.2Gao.8As (b)
(full lines) 171. For the second alloy, data correspondirn to

2. Ternary alloys as-grown samples and post-annealed samples are shown; the
temperature indicated is either the growth temperature or the

2.1. Experimental data anneal temperature. The top spectra (dashed lines), expected
for no segregation, are constructed by scaling each peak from

Surface segregation in ternary alloys is most the corresponding binary alloy by its fraction in the ternary

easily measured by surface analytical techniques. alloy, after reduction to the same As peak.

Thick layers of the desired material Ga.Al _.As,
InGa- _,As, or InA] _,As have been grown by gradient with a representative bulk composition,
MBE. The bulk composition Xb was measured the gradient can exist only very close to the surface,
using RHEED oscillations, X-ray diffraction and and can be summarized by a "surface" composi-
photoluminescence. After cooling down the sam- tion x,. The "surface" may be considered to en-
pie, the surface composition gradient was mea- co'npass either the topmost surface monolayer
sured by in situ ultra-high-vacuum techniques such (ML) defined as one metal and one As (001)
as Auger electron spectroscopy (AES), X-ray pho- planes, or a thicker (several ML) subsurface layer.
toemission spectroscopy (XPS). UV Photoemis- In the first case f7,8], systematic x,(xb) XPS/AES
sion spectroscopy (UPS) or electron energy loss measurements (see fig. 2) with various probed
spectroscopy (EELS). As a result, AES, XPS, UPS, depths indicate that most of the segregation is
and EELS spectra show clearly surface enrich- concentrated in the topmost layer. In the second
ments [2-8], in Ga for Ga x Al IxAs, and in In for case [4,6], the maximum of segregation reported
InGa, - ,As and InAl -,As (see an example in from XPS data for Ga _Al _-As can be accounted
fig. 1). The rules for predicting the segregating for by either 2 ML of GaAs on top of a ternary or
element will be discussed in section 4. 3 ML of GaAIj _As of variable composition,

More quantitativc information may be ob- and for In Ga I- As by either 2 ML of InAs or 4
tained from XPS and AES intensities through ML of InxGaj _As of variable composition.
some simple assumptions such as uniform primary We consider now to what extent those results
excitation and exponential attenuation of emitted can be considered as equilibrium data, taken into
electrons, same arsenic content in binaries and account by classical segregation theory, and used
ternaries, and unidimensional distribution of to predict phenomena occurring at heterointer-
third-column atoms (planar interfaces). Under faces or more complex structures.
these assumptions, the XPS signals depend only
on parameters such as the ionization cross-sec- 2.2. Equilibrium and growth-induced stationary state
tions or the electron, escape depth 19], i.e. the
probed depth (10-50 A), and on the composition From a thermodynamical point of view, the
gradient at the surface. For thick ternary layers ideal surface segregation experiment involves a
which have reached a stationary composition bulk phase (semi-infinite solid alloy M I _- of Xb
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Fig. 2. Experimental segregation isotherms X,(Xb) deduced from XPS measurements for the (a) GaxAl _ As alloys at 600'C and
lnGa1 _ As alloys at 480 0 C (b), and theoretical expectations for various values of E, (indicated in eV) [7].

composition), a surface phase (surface of the latter bulk to a fixed surface, can be obtained by accu-
with an x, composition) and a gas phase (atmo- mulation of segregated atoms at a surface moving
sphere of M and N under their gaseous form). due to the growth flux. In this case, the excess is
Thermodynamic equilibrium equilibrium requires provided by a depleted zone corresponding to the
the adjustment of chemical potentials in all phases, growth start, where the incorporation of the
i.e. of Xb, x,, and of the partial pressures of M segregating species into the bulk is smaller, and is
and N in the gas phase. This ideal situation is then constantly renewed and transported along
almost never found. Most experiments on metals the growth. Growth - and the fast surface ex-
only consider a bulk-surface equilibrium reached changes - acts here as a substitute to failing bulk
after annealing samples cleaned or fractured un- diffusion. In these conditions which are discussed
der vacuum. Performing similar experiments in at length elsewhere [7], though the equilibrium is
(M,N)As arsenides is not possible since long not reached by the usual means, the x, values
enough diffusion paths cannot be obtained in obtained are nevertheless similar to the ones which
reasonable times except at temperatures (> would be obtained in the hypothetical ideal ex-
1000°C where the material rapidly evaporates. periment. We may then discuss them with stan-
This evaporation cannot be counteracted by an dard segregation models.
adequate (M,N,As) atmosphere as in the "ideal"
experiment for practical reasons. 2.3. Surface segregation models

The actual experiment for ternary arsenides
then differs from the ideal one in two ways: (i) the In the case of a simple bulk/surface equi-
(MN) partial pressures in the gas phase have the librium, we consider only the balance of chemical
correct (xb, I - xb) proportion but are in excess potentials of the segregating species in these two
in terms of chemical potential (this excess causes phases. The most simple quantitative model known
the growth) and (ii) the temperature is not high as McLean's involves only the entropy term and
enough to allow any significant bulk diffusion and the "chemical" energy E, as contributions to the
induce the bulk/surface equilibrium. However, the free energy [1]. We must also introduce here a
concentration excess x, - Xb as the surface neces- term corrf-sponding to the elastic deformation
sary to attain equilibrium of chemical potentials, caused to the surface by its pseudomorphism with
which cannot be produced by diffusion from the the bulk. For instance, such a segregation iso-
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therm correctly fits the experimental xS(xb) data ×A1 x

of fig. 2, with E, = 0.15 ± 0.1 eV for In.Gal xAs 1. - I -
alloys and 0.1 ± 0.05 eV for GaAl1 - As alloys.
This in turn allows us to predict the equilibrium I
surface concentration of any ternary alloy at any GsAsI GaAs

temperature. For the rather high Xb concentra-
tions and the rather low temperatures involved in 0 0 .... .

most common cases, the chemical potential in the
bulk phase and the segregation energy are too 0 20 40 60 80 100 0 20 40

high to be counteracted by disorder or elastic DISTANCE ALONG GROWTH AXIS (A)
and x, is always much higher than Xb, Fig. 4. Profile of composition in non-segregating element for

strains ariatios wth m ure a b , selected heterostructures (71. Each step corresponds to a single

although variations with temperature are observed monolayer. Planned profiles are the dotted lines and model

(see fig. 3). Except by using kinetic limitations, the profiles calculated at usual growth temperatures are full lines.

only way to change strongly x, is then desorption
whose activation energy is higher than E., but
which involves a chemical potential in the tion relation. The underlying monolayer is then
neighbouring phase (a pure As atmosphere) con- "frozen" for the rest of the growth. This model
siderably lower. For instance, in Ga,All-As at generates an interface roughness expressed as a
temperatures higher than 6500C, the desorption concentration gradient different from the as-
of Ga becomes significant. The difference between planned step function. It tells nothing a priori
x, and xb is seen to decrease above this value (see about the distribution of atoms within atomic
fig. 3), meaning that the desorption of Ga then planes parallel to the growth axis. It is also as-
overrides the preferential segregation of Ga. sumed that the growth is otherwise geometrically

Concentration profiles at heterojunctions can perfect: the growth surface is ideally flat at the
also be predicted by assuming simply that at the completion of each monolayer and each deposi-
deposition of every monolayer, the concentrations tion stops after the strict completion of its last
of segregating element in this monolayer and in monolayer. Concentration profiles obtained by this
the underlying one reach an equilibrium according method will be called model profiles. Some exam-
to the X,(Xb) relation and to the matter conserva- pies are shown in fig. 4. One interesting feature is

that, although for instance Ga tends to segregate
to replace Al, the first pure GaAs monolayer

...G......... deposited on top of AlAs is not in equilibrium:
the stable point is obtained for a topmost layer of

30 Ga 0 7 Al 0 .3 As and an underlying layer of

Gao_3AI.TAs. Hence the GaAs-on-AIAs interface
20 ,_with the segregating element atop ("inverse" in

the MBE terminology) is not abrupt; it is nar-
x l -0 rower but rougher than the other ("normal") in-

terface AlAs-on-GaAs (see fig. 4).

-10 3. Heterointerfaces

600 6 700 Various experiments demonstrate the existence

GROWTH TEIPERATURE 1*0 of surface segregation during the formation of

Fig. 3. Variation of (x, - Xb)/Xb deduced from XPS measure- heterointerfaces, leading to interface roughening.
ments with the growth temperature, for various Ga ,AI 1 - ,As We consider first the evidence coming from surface

alloys (4). Lines are tentative fits by exponential laws. analysis techniques.
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3.1. Surface and analytical techniques I

--- nomna ROWTH
Three types of test structures have been used to -with segregation GaAs GaAs I

decide whether B atoms segregate to the surface
when A-As is grown on B-As: (i) a single atomic I

layer of an A-As deposited onto B-As, (ii) for 5 \ s6°*C lint

lattice-matched materials, a thin ( 100 A) over- 01 48
0 *C  AnAs

layer of the A-As material, and (iii) for lattice-mis-_z Z 'T60'C I

matched materials, sandwich structures (B-As, I L60*C

ML of A-As, and thin, < 100 A. overlayer of 0.01

B-As) in order to avoid the switch from 2D laminar
growth to 3D island growth, and hence to keep the Z 
system as homogeneous as possible in the growth 0001
plane. The reduced signal of A is compared to the
expectations yielded by various models, such as aAs OVERLAYER THCKNESS ,

abrupt interface or equilibrium profile. From all Fig. 5. Evolution of AES signals in sandwich heterostructures

data obtained on various test structures built by GaAs/l ML lnAs/GaAs with thickness of the final layer.

steps or in a continuous manner, it is clear that Signals are normalized to the signal corresponding to the

segregation does occur at interfaces. Atoms which absence of final layer. Full and dashed lines correspond to

should be long buried if no segregation occurred predictions for the planned and model profiles.

are observed by surface-sensitive techniques [7,9]
(see fig. 5). The tendency for segregation found is
In > Ga _ Al as for ternary alloys. The interface
width can reach tens of ML in the worst case scale [13). JIRTEM pictures by d'Anterroches et

(AIAs-on-lnAs), while it is nearly invisible (< 1 al. [14] of GaAs/1 ML InAs/GaAs structures

ML) in the best cases (AlAs-on-GaAs) [7.10]. For indicate indium redistribution in the top GaAs

the lnAs/GaAs case. several experiments showed layer with a complex concentration gradient. The

no significant influence of temperature from 420 lnAs-on-GaAs interface appears planar. while the

to 560'C, growth rate from 0.1 to I Mim/h, or reverse one is rough and extends from 2 ML in

compressive strain from 0 to 7% [7]. Similar results some places to 4 ML in others. This in-plane

have been obtained for sandwich structures built roughness occurs on a rather short distance ( = 40
at very low temperatures (300'C) by alternating A). This shows the limitations of the unidimen-
arsenic and metal fluxes (migration-enhanced epi- sional model used here.

taxy or MEE) [11].
3.3. Rutherford backscattering

3.2. High-resolution microscopy
GaAs/1 ML lnAs/GaAs sandwich structures

High-resolution transmission electron micros- have also been analyzed ex situ by Rutherford
copy (HRTEM). which could in principle give a backscattering with I MeV He' ions by Cohen
straightforward answer to the question of the in- and co-workers [15]. If the structure had indeed
terface geometry, has actually encountered prob- the planned geometry. the InAs monolayer should
lems due to interpretation of contrasts, in-plane be distorted quadratically - in-plane compression
roughness and homogeneity of samples. In the and normal extension - in order to take the in-
GaAs/AIGaAs system, HRTEM has imaged plane GaAs parameter which is 7% smaller than
near-flat interfaces with I ML high steps separat- the InAs unstrained one. This structure should
ing wide terraces [121. However. a recent subtle then be seen by ions channeled in off-normal
analysis of HRTEM results concludes that even directions as a stacking fault, which should in-
the best interfaces exhibit roughness on the atomic crease the minimum yield Xmin to - 15%. Fur-
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thermore, indium atoms lying outside the off-nor- invisible to PL, all the more since the well width is
mal channels should have a substantial back- preserved by the segregation process; actually, the
scattering yield. Actually, the low Xn (-i 4%) direct interface should be seen by PL as abrupt.
observed in both (100) and (110) directions (see However, for very thin wells with important band
fig. 6a) shows that atoms in the whole heterostruc- discontinuities, such as a few ML of InAs in
ture are approximately located at the substrate GaAs, PL becomes a good probe of interface
lattice positions. The indium yield is also very low roughness. For a well thickness corresponding to a
with respect to the expected value. The indium non-integer number of atomic layers, e.g. 1.2 ML,
atoms are therefore redistributed in the GaAs a single PL peak - and not separated peaks corre-
overlayer. Fits of angular scans of indium yield sponding to 1, 2 or 3 ML - is observed [17]. The
(fig. 6b) show that it is redistributed over = 5 ML, energy of this peak varies continuously with the
in fair agreement with the model profile. well width. This is found to be in agreement with

a redistribution of indium atoms over 4 to 5 ML.
3.4. Photolurninescence Further evidence of this redistribution is ob-

tained in more sophisticated structures, where the
Photoluminescence (PL) line splittings in previous sequence GaAs/1 ML lnAs/GaAs is

GaAs-AIGaAs quantum wells have been interpre- inserted inside AIGaAs barriers [17]. The PL sig-
ted for long as originating from a long-range nal considered here originates from the GaAs
fluctuation of plus or minus one monolayer of the quantum well on which the 1 ML InAs acts as a
otherwise perfectly constant well width [161. This perturbation [181. InAs layers placed in symmetri-
conclusion must be weighted by the relatively low cal positions with respect to the middle of the
sensitivity of the probing particle, the exciton, to GaAs well should induce the same perturbation.
small-scale in-plane roughness. The small devia- because they are identical except for the growth
tions to perfection shown in the model profile of direction. Actually a quite significant difference
fig. 4 for GaAs/AIGaAs interfaces are probably between the corresponding PL energies is ob-

1o0- a b --- nominal
-with segregation

Random o -"<100>

80A '800kev
..... . GaAs aAs

I0"L Aligned (1101 tO In !a{
z I InAsGa.As' In%

80keV 'He* 'n •
170 1* 19 ",+ -

S2 8keV/¢h

160 170 180 19o 200 210 43 44 45 46 47
CHANNELS TILT ANGLE 0 (degrees)

Fig. 6. (a) Rutherford backscattering yield spectrum for sandwich heterostructures GaAs/] ML InAs/80 A GaAs: (b) angular scan
of the In peak area [151. Full and dashed lines correspond to predictions for the planned and model profiles.
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dividual layer thicknesses significantly lower than
--- nominal

-with segregation planned ones. e.g. - 1.5 ML instead of 3 nominal
for a GaAs layer grown at 600'C (fig. 8). This

Ga7AI3As GROWTH apparent thickness depends on growth tempera-
a A s ture, but also on the thickness of the underlying

AlAs layer. Considering the strict confinement of
Z, 1;i ioptical vibrations of. say GaAs in the GaAs layer.

, teAs ieven by a fraction of Al atoms inserted in the
boundary atomic layers. such deviations directly
detect the roughening and widening of interfaces

8K I(mainly the "inverse" one GaAs-on-AlAs) on the~8K
atomic scale. It may be noted that this is not
inconsistent with the observation by PL of flat
interfaces on a larger scale due to the exciton size.

At the standard growth temperature of 600 C
where segregation data have been obtained by

146 148 150 152 surface analytical techniques, the phonon frequen-
ENERGY (eV) cies calculated with the model profile and their

Fig. 7. Photoluminescence spectra for two structures similar dependence on the underlying layer thickness
except for the growth direction, involving an InAs ML inserted
within a GaAs Ga, AAAs quanr-m well [181. Full and (saturation above 4 ML) are in excellent agree-
dashed lines and arrows correspond to predictions for the ment with experimental values (see fig. 8). How-

planned and model profiles, ever, the extrapolation of model profiles to lower
temperatures (400'C) yields only a small varia-
tion. while Raman scattering sees a strong de-

served (see fig. 7). revealing an overall displace-
ment of the indium layer in the growth direction.
This overall displacerent is estimated to be about a AlAs .. GROWTH.

---nomO2 INL again in fair agreement wvith the model)ergto
profile. G~

3.5.Roma .otlerflgGaAs :.. GaAs

Recentl\. Raman scattering has proven to be a
powerful probe of interface roughness in GaAs/ 600*C 600*C

AlAs structures, due to the frequenc\ separation
of the optical phonon branches in GaAs and AlAs, ;
and hence to the strict confinement of GaAs- and
AlAs-type phonons in their respective layers. Pho-
non frequencies are therefore verv simply con- 0 400oC
nected to individual layer thicknesses for ideally 2

300 290 0 2V'300 290 AO 2flat interfaces. and also very sensitive to interface FREQUENCY SHIFT [cm-')
roughness. Short-period superlattices, such as Fig. 8. Raman spectra in tso (iaA' 'AlAs short-period super-
(AIAs) 4 (GaAs) dAIAs)i(GaAs), or (AIAs) 4 (Ga- lattices equivalent except for the growth direction 1201. Inserts

As),(AIAs) (GaAs),. which are identical except show the planned (dashed lines) and model (full lines) com-

for the growth direction, have been considered by position profiles. The peak indexed hv "'(iaAs" corresponds to
the signal from the GaAs suhsfrate. The frequencies calculated

Jusserand et al. [191. While the superlattice period for vibrations confined in (iaAs layers according to the planned

is checked by X-ray diffraction to be the one (respectivel, model) profile arc indicated h% dashed (respec-

expected. the optical pionon spectrum reveals in- tisel, full) arrows.



148 J.M. Motson et aL / Surface segregation in III- V alloys

crease of the atomic-scale roughness. A possible (surface energy), and surface reconstruction en-
reason for this discrepancy is the influence of ergy oppose.
kinetics (see section 4).

4.2. Microscopic mechanisms

4. Discussion Data show that the microscopic mechanisms
involved in segregation are fast i.e. not strongly

4.1. Driving force limited by kinetics or growth rates, which is ex-
pected since they are probably similar to those of

We consider here briefly the question of the surface diffusion. Like any atom movement at the
microscopic origin or driving force for surface surface, they are likely to take place preferentially
segregation. If we define the tendency to surface at defects such as growth steps or steps associated
segregation of an atom M as the energy gain E with reconstructions which are the only sites where
provided when it moves from the bulk to the the reaction can proceed by successive movements
surface. M will segregate to the surface of the without any direct atom exchange: indeed, ex-
(M.N)As alloy if EM > EN. Experimental observa- changes in metal/semiconductor systems depend
tions yield E,, > E ia >_ EAI, both for ternary al- very strongly on defect density [23]. Furthermore,
loys and heterointerfaces. A similar order is ob- it has been shown [5,24] that on Ga, Al, - As the
served in neighbouring reactions known as ex- surface segregation correlates with the develop-
change reactions which take place during the de- ment of the growth interface roughness: all pub-
position of a third-column metal on arsenides lished results 125] indicate that the Ga, Al ,As
without arsenic pressure [20]. In the absence of surface roughening is maximum at growth temper-
other information, it has been suggested that cor- atures around 650'C. which is also the case for
relations of these segregation energies with other Ga segregation (see fig. 3).
data could indicate the origin of the driving force In all these problems, it is clear that significant
[4.5.21]. The correlation with the heats of forma- data are missing. We can also mention that the
tion or the bonding energies of bulk arsenides (the assumption that processes in successive layers are
less strongly bonded atom comes to the surface) not correlated, which leads to an unidimensional
seems to indicate the preeminence of the chemical description, neglects actual observations of in-
energy. but the reverse correlation is observed in plane unhomogeneities, i.e. 2D clustering even in
antimonides. The correlation with covalent radii unstrained systems [26]. This is a strong and basic
(the biggest atom comes to the surface) seems to limitation to the discussion.
indicate the preeminence of the elastic energy, but
this disagrees with the weak influence of elastic 4.3. Consequences. and possih'le cures ...

strain mentioned above. Other correlations of the
segregation energy, for instance with the incorpo- We consider first the consequences of surface
ration energy or the surface diffusion coefficient, segregation on the concentration profile in III-V
have also been put forward. Finally, a pessimistic ternary alloys and heterostructures. During the
wav to consider such correlations is to say that all growth of a ternary alloy, the hulk composition is
quantities involved are expected to follow some- in principle set by the ratio of metal fluxes and is
how the Periodic Table order (AIGa,ln) for therefore as homogeneous as !he-e fluxes are sta-
arsenides. Furthermore. some puzzling experi- ble. However, the fluxes must pass through the
ments and theories on segregation in metal alloys surface whose composition is very dilfcre;i trom
[221 show that the prediction of the segregating this ratio, and only the regularity of the speed of
component is by no means straightforward. It may segregation mechanisms insures that fluxes enter-
be reversed for instance by changing the crystal ing the bulk are identical to the inpinging ones. If
orientation of the surface, when conflicting effects this regularity is impaired for some reason. varia-
likc atom size (surface strain), pair-interaction tions of the bulk will appear. The problem of
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heterointerfaces is different in the sense that they off-equilibrium interfaces. First, it seems that the
are expected to be abrupt, which segregation growth rate cannot be increased enough to beat
processes oppose, since a fraction of the substrate the process by burying the atoms before they
topmost monolayer "floats" on the growing layer could reach equilibrium. Temperature has a mixed
and is gradually incorporated. As a consequence, effect. Low temperatures increase the equilibrium
the geometrical accuracy of short-scale structures segregation but decrease the surface mobility of
is degraded, since all interfaces are enlarged in a atoms towards the reaction sites, and the rate of
manner which depends on the materials consid- exchange at these sites. Observations on Ga,
ered and on the growth direction. It has been Al-_,As ternary alloys by XPS [4,61 and on
suggested, among other explanations, that this was GaAs/AlAs superlattices by Raman scattering [19]
the origin of the differences between GaAs/A 0 .3  indicate a positive effect of reduced growth tem-
Ga 0 ,As "normal" and "inverse" interfaces. It peratures. The forseeable corresponding loss in
may be stressed that this interface roughness also material quality may be obviated by MEE (alter-
depends in a sense on the probe used to measure nating arsenic and metal fluxes) which restores a
it. high surface mobility of metal atoms now unim-

Beside the roughening of interfaces, segregation peded by excess arsenic. No significant reduction
has further consequences. In the case of a ternary of segregation in GaAs/InAs/GaAs structures is
alloy, or shortly after an heterointerface, the com- indeed obtained by this method. A possible solu-
position of the sample surface is not as expected. tion could be the modulation of the surface mobil-
This composition error may be important if the ity: (i) high mobility during the growth of the
properties of this surface are used in devices (low substrate up to the topmost monolayer, coupled
surface recombination, chemical reactivity or pas- with a growth interruption at its exact completion
sivation, further growth. etc.). It may also be noted in order to decrease the number of reaction sites if
that the reconstruction of the surface and its (tem- they are defects, and (ii) low mobility during the
perature, As pressure) "phase diagram", which growth of the first monolayers of the overlayer in
helps tuning growth conditions, are dictated by order to build a barrier to segregation, with the
the surface composition: two monolayers of InAs risk of obtaining sharp but faulted interfaces.
on InP have the same "phase diagram" as bulk
InAs [27]. Therefore, the growth conditions should
be set in principle with respect to the actual surface Acknowledgements
and not to the presumed overlayer material
surface. Conversely, segregation may explain some
puzzling successions of RHEED patterns observed tion atu cnowledge f rui CAtinand discussions with J.Y. Marzin. C.A.
during the growth of short-period structures. Fi- Sbenne, C. d'Anterroches, F. Alexandre, M. Quil-
nally, segregation has a number of consequences, lec , L. Goldstein. F. Mollot. R. Planel. C. Cohen.
most of them negative with respect to the quality A l'Hoir, F. Abel. D. Schmaus, J.P. Contour, and
of the interface. A positive one is the possibility of
obtaining layers without having to build them
with atom fluxes, with possible applications to
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Thermodynamic analysis of segregation effects
in MBE of AII-Bv compounds

S.V. Ivanov, P.S. Kop'ev and N.N. Ledentsov
A.F. loffe Physico-Technical Institute, Academy of Sciences of the USSR, Politekhnicheskaya 26. Leningrad 194021, USSR

The main features of MBE growth (growth rate, composition and doping control) can be predicted in the framework of a
thermodynamic description, ab initio. In this paper, special attention is given to the thermodynamic analysis of segregation effects
(base elements and impurities) as well as to the interplay between impurity surface segregation and diffusion.

1. Introduction by numerous experimental data well before the
appearance of MBE (see, for example, ref. [3]).

During the first stage of MBE investigations it So one may consider the MBE growth as a
was generally assumed that this technology is a quasi-equilibrium process where the equilibrium
fundamentally nonequilibrium process and that a between a vapor phase and a solid phase (or
thermodynamic consideration is completely inap- between vapor, liquid and solid phases, in the case
propriate, so that information on the growth of a segregation layer formation) is established at
processes can be obtained only by investigation of the surface of a growing layer. The system temper-
the surface reaction kinetics. Experiments on ature is governed by the substrate temperature,
modulated beams led to a theory according to and equilibrium partial pressures are those corre-
which the main role in MBE of III-V compounds sponding to the fluxes of atoms and molecules
is played by elementary processes of atoms and from thc substrate surface, as in ref. [3).
molecules adsorption, migration and desorption
on the surface [1]. However, in the case of binary
compounds the real growth picture is very com- 2. MBE of binary compounds
plex and cannot be analyzed by simple representa-
tions [2]. The reactions between the main components in

The fact that the MBE process occurs under the case of MBE (e.g. GaAs) [4] are:
strongly nonequilibrium conditions does not pro-
vide formal justification for the conclusion that it GaAs(s) = Ga(g) + ' As 2(g), (1)
is impossible to use the thermodynamic approach 2 As 2(g) = As 4(g). (2)
to describe an MBE system on the basis of mass
action equations in combination with equations The equation of mass action for reaction (1) is
describing conservation of the mass of the inter-
acting elements. This approach is in fact used PcG PA/ 2 /aGaAs Kaos=2.73 x 10
widely and successfully in the description of many x exp(-4.72/kT), (3)
chemical reactions that occur under strongly non-
equilibrium conditions. In the case of sublimation where PGa and PA,, are the partial equilibrium
of binary compounds (which is also a strongly pressures of gallium and arsenic over the substrate
nonequilibrium process), the conclusions of the surface (in atmospheres), aGGA is the activity of
thermodynamic description have been confirmed GaAs in the solid phase equal to 1 for a binary

0022-0248/91/$03.50 © 1991 - Elsevier Science Publishers B.V. (North-Holland)
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compound, and KG,.5 is the value of the equi- Synthesis of solid alloys containing two group
librium constant according to ref. [5]; kT is in eV. V elements (for example, GaAs, P -_,) is char-
In the case of reaction (2), we have [5]: acterized at T > 500 *C and PO2. PO >> PO [8] by

KA. ~x~ [(O~sK~A./y~pK~a)(PP./P.sji/2+ l.
log KA=27.3 X1W/T -19.8. (4) x (Yas~~/~pcp A(9)

It follows from the law of mass conservation that

PGa. P.a=PA2s -(4 PA',,+ 2PA) (5)

where PAO,, and PO correspond to the fluxes of 4. Point defect equilibria
arsenic and gallium atoms onto the surface. If No reliable experimental data for point defect
T >! 500 'C and P,~ = 10 - Torr, it follows from
eq. (4) that PA, > PA.,, so that if > Po" equilibria under the typical MBE growth condi-

POA. = Pa' n tions are available. Nevertheless, the data ob-
= 

2 ~A2 andtained in LPE and VPE [5] may be used to evaluate
U, (P1 1 - Pill) the effect of growth parameters and conditions on

-1/2 the point defect concentration in MBE grown
t f[ Pli. - KGaIAS( PO~2 12 6 layers.

This dependence describes the GaAs growth rate snoadito o the retacto eqin.[,on
variation with substrate temperature during MBE shudsetelcrouraiyqain
well [6]. The enthalpy of GaAs evaporation, de- NW + [As+ I + [V,, +p=Ij]+N-
termined experimentally for MBE conditions in (10)
ref. [7], is + 4.6 eV (compare with the value 4.72
eV in (3)) and the evaporation rate at a given where NW~ and NA- are the ionized donor and
temperature is inversely proportional to the square acceptor concentrations during MBE growth. The

*root of the arsenic flux, which agrees well with calculation in accordance with ref. [5] shows that
eqs. (3) and (6). When P,/Pl8 - 1 (under Ga-rich at typical MBE growth conditions (T.> 550 0 CQ
conditions), the value of PA.. is governed by the the ionized arsenic vacancy concentration may be
arsenic partial pressure along the Ga-GaAs sufficiently high and govern the electroneutrality
liquidus of GaAs [33]: condition, especially in the case of heavily p-type

I " doping [5,81.

Arsenic precipitates do not form on the GaAs
surface in MBE, because at typical substrate tem- 5. Doping in MBE
peratures, the equilibrium arsenic pressure over
metallic arsenic ranges from a few Torr to tens of We shall consider the doping in MBE (for
atmospheres. example, the case of an acceptor impurity incor-

poration from the gaseous phase A(g) into the
gallium sublattice of GaAs [9]):

3. MBEof 11-V alloys A(g) + V,.= A Q,+ h~.(

When a solid solution (for example. Ga,1n -, Applying the law of mass action to (11) gives
As) is grown by MBE the equilibrium partial
pressure of more volatile metal component is [8] [AG.] P/PA[VGaI = KA, (12)

Pin ~ ~ ~ , 1 ~lSl-xKfA -/
2  where p is the hole concentration during growth

s2  
(h'), PA is the equilibrium partial pressure of the

= (I - x) exp(i x2 kT)KnAAP,,~ 2 (8) impurity vapor over the surface corresponding to
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the flux from the surface, VGa is the gallium For the Ga-Al-As liquid phase, which is in
vacancy, and the square brackets denote the con- equilibrium with the solid solution Al_,Ga, -,As,
centration. One should also allow for the electro- the aluminium and arsenic concentrations are
neutrality equation negligible in comparison with gallium at substrate

temperatures T < 800'C and solid phase com-
+ [V] + NDG= n + NA-+ [Ada]. (13) positions x < 0.8 1101, i.e.

and the law of mass conservation [ASL] << 1, [AIL] << 1, [Gad - 1. (17)

P Ja [AG] = PA° --PA, (14) The calculation of '(Ga according to ref. 1101 for
T, = 700 o C, and x = 0.5 gives the value of -'Ga =

where P1 corresponds to a flux of impurity atoms 1.0002. Thus, in the above temperature and com-
arriving at the surface 18]. position regions

tP.' P"; = 2.88 x 10' exp(-2.74/kT). (18)

6. More volatile group II1 element surface segrega- The equilibrium equation for the formation of
tion in MBE of I-V alloy (Ga in AIGa, - LAs) GaAs in the case of AI,Ga, _As can be written

as follows:
The minimum arsenic equilibrium partial pres-

sure is determined by the arsenic pressure over the P(; P, = ;,,A,(1 - x) x 2.73 X 1011

Ga-GaAs liquidus given by (7). According to (3). Xexp( -4.72/kT). (19)
the corresponding gallium partial pressure is

where y,,, is the GaAs activity coefficient in the
P.t - 2.88 × 10 exp(-2.74/kT) (15) solid solution ('(;,A, = I for AIGa1 _ _As [81). It

mn- follows from (18) and (i192 fcor AI,Ga 1 - As alloys
Thus. in the thermodynamic approach the mini- flosfo 1)ad( ",N Ia saly

T , tr t _ that the expression for the arsenic equilibrium
mum excess arenic pressure p . - partial pressure over the Al-Ga-AlGa, ,As
(P(, - P(;,)]. wl-ch provides the epitaxial growth liquidus is:
of GaAs without liquid phase (Ga droplets) for-
mation on the Ntrface. coincides with P;' The 2"""t ( P1.)
value of P1' c,,culated from (7) agrees well with
the experimentr! arsenic pressure corresponding = [(] - x) X 2.73 x 10 11 exp( -4.72/kT)j
to the transition trom As- to Ga-stabilized condi- i
tions [I1. / = i1 -x)P ' ' (20)

In the case oi a ternary compound, unlike the That is.
binary one, the arsenic equilibrium pressure over
the AI-Ga-AI, ial ,As liquidus depends on the p' (1 -. )2 P 'J (21)
solid phase con-position x and. respectively, on
the composition of the liquid phase. which is in Fig. ]a shows the dependences of arsenic equi-
equilibrium with it. librium partial pressures P.., over the Al-Ga-As

The general , -pression for the Ga equilibrium liquid phase (which is in equilibrium with the solid
pressure over th, complex liquid phase is [10]: solution AI,Ga1 , As) on x at different T values

(see (21)). The excess arsenic partial pressure dur-
Poa = P('/(,. Gat ]. (16) ing a given growth run determined from the mass
where [Gadl and ',(a are the concentration (in conservation law is:

mole percent) and activity coelficient of Ga in the P = [ P' - ( P0 - - P0] (22)
liquid phase respectively; P,', is Ga equilibrium [ A i (22)

pressure over the Ga melt which coincides with P(ia can be calculated from (19) for given pa_,

P' s" (see (15)) with a very high accuracy, PA.. • P.I is negligible in comparison with com-
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monly used P, at T < 800 * C. The temperature by the input gallium and aluminium partial pres-
dependences of PGa at some fixed values of solid sures as follows:
phase compositions x and P.,,, are presented in
fig. lb by the dashed and broken lines. The solid Xb = PaI/[ PAI + (PG. - PGa) (23)

line in this figure corresponds to the gallium par- If, for instance, xb = x, < Xq, then a quasi-liquid
tial pressure over the Ga-Al-A.Ga -,As liqui- phase ("floating" Ga layer) should appear on the
dus (PGL) (see (18)), being the maximum possible growth surface, because PAs2 .... during growth is
Ga pressure. The solid horizontal lines show the less than (PA2 ),, corresponding to the Ga-Al-As
beam equivalent pressures of incident Ga flux liquidus for the composition x1.
(P,,) at different growth rates. When the excess arsenic pressure is higher than

Let the excess arsenic pressure Pm2.e,, be less that determined by the expression (21) for a given
than the equilibrium arsenic pressure over the bulk solid solution composition (see fig. la, the
Ga-GaAs iquidus (P 1L) (x = 0) at given T (see case of xb = x 2 ), the situation with x~u = x 2 (theAs

2fig. la, curve 2). Then, there always exists the absence of a Ga segregation layer) may also be-
equilibrium solid phase composition x q corre- come equilibrium, since PAs,.. is higher than the
sponding to this PAse. On the other hand, the pressure corresponding to the Al-Ga-As liquidus
composition of the bulk solid phase is determined boundary for a given composition. The system

'720 700 680 660 640 620 Ts,OC
PA2, . 4: TS6000C L= Go,=xa_Trr L TOM L Ga a2.8I 5 _27

2: TS=650 C P exp K Ts )WS5: Ts=700*C 2- pm/h

400

2

S21- \'X\ .- Z0\'

-- Pfimc5 OTb

KTS AS2,eKC

0 .AZ 4 06 0.8 1 10.0 105 110 105X4 Xq x2  40/s, in
Fig. 1. (a) The arsenic equilibrium partial pressure over the Al-Ga-As liquid phase, which is in equilibrium with the solid solution
AI,Ga1.-As. versus x at different T, (solid lines) (see (21)). Scheme of a quasi-liquid phase formation mechanism: x, and x, are the
different bulk compositions (see (23)), and xqis the equilibrium surface slid phase monolayer composition corresponding to
PA,_ (b) The temperature dependences of Ga equilibrium partial pressure: over the Al-Ga-As-Al Gal _As liquidus (solid line);

over the free surface Al Ga1 - ,As solid phase at different x and PA.,, (dashed and broken lines). Solid horizontal lines correspond to
beam equivalent pressure of incident Ga flux at different growth rates. T,~ are the "forbidden" range upper boundaries at different

GaAs growth rate component.
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I Ps,eXc pressure of the Ga incident flux PGa to be lower

than the gallium equilibrium partial pressure alongQLP So %0the GR-GaAs liquidus (but higher than P~s.) (see

Q. fo pS fig. lb, the T. values determine the upper sub-

strate temperature "forbidden" range boundaries).
/ . ., /In this case the Ga "floating" layer cannot appear

SSPM Xsur4gXeq Xsurq =  "' because of evaporation. The latter can be reached

I, Goi..As by both an increase of the substrate temperature
and a decrease of the GaAs growth rate compo-

Fig. 2. Schematic diagram of a Ga quasi-liquid phase on the nent.
surface of Al Ga _As. Another way is a predeposition of several Ga

monolayers immediately before the growth of
AlrGai -,As, i.e. when the quasi-liquid phase just

that has a tendency to increase its area with time begins to form. The growth through this liquid
will be stable during growth. At the same arsenic thermodynamically-stable and uniform Ga float-
excess pressure, the gallium equilibrium pressure ing layer (" floating layer epitaxy") allowed us to
over the liquid phase is higher than that over the obtain high quality Alo.,,Gao.65As layers with
solid AIGa _As (see fig. lb). This means that nearly smooth morphology (- 1 fLm thick; n 300
the Ga vapour over the liquid phase regions is = 1.5 X 1016 cm - , j)K = 1140 cm2/.V - s, n77K
supersaturated with respect to the free A,Ga -, = 2.2 X 1016 cm-3 , J77K = 1600 cm2/V • s; FWHN
As surface regions and will evidently give rise to of the PL peak corresponds to that of GaAs) at an
the condensation of Ga atoms on the free alloy intermediate substrate temperature (T, - 650 °C,
surface. Since the gallium atom flux from the i.e. inside the "forbidden" range) even in poor
surface corresponding to the equilibrium partial vacuum conditions. The better results may seem to
pressure is maximum over the liquid phase re- be obtained with this method when growth inter-
gions, the GaAs component of the AlGal-,As ruptions are used after each 200-500 A of Al-
growth rate for these regions is lower and the solid GaAs growth to evaporate this Ga floating layer
solution composition xb is higher, as follows from and, then, to form it again.
the mass conservation law (see (6) and (23)). Fur- Fig. 3 shows the calculated temperature depen-
thermore, the higher growth rate in the free surface dence of arsenic equilibrium partial pressure over
regions should prevent quasi-liquid phase propa- the Ga-GaAs liouidus and over the Al-Ga-As
gation over the substrate surface, giving rise to the liquid phase, which is in equilibrium with
formation of localized liquid phase islands. A AIGa, -,As solid solution (dashed lines, see (21)).
schematic diagram of Ga quasi-liquid phase on The dotted linc is the minimum possible arsenic
the surface of AI,GaI - ,As is presented in fig. 2. beam equivalent pressure experimentally obtained

It is obvious that this quasi-liquid phase forma- in ref. [11], corresponding to the transition from
tion may cause composition and thickness nonuni- As- to Ga-stabilized conditions on the GaAs
formity over the substrate surface and, hence, be surface at zero growth rate. The temperature de-
the origin of the AIGa, _ As surface morphology pendence of minimum possible arsenic beam
degradation. The increase of x b , i.e. the decrease equivalent pressure at which the Al-Ga-As
of P% compared to Pc. should result in a rougher quasi-liquid phase does not appear according to
morphology for the same growth time. the model proposed is presented in fig. 3 by the

Thus, to prevent Ga segregation layer forma- solid lines which correspond to different alloy
tion during the growth of Al GaI -, As, it is neces- growth rates. These last dependences were calcu-
sary either for the arsenic excess pressure to be lated using the expression:
higher than its equilibrium partial pressure over
the Ga-GaAs liquidus at a given T, (As-stabilized - P) + 0 + (G

growth conditions), or for the beam equivalent P2V= (P°-P,+P] + A'). (24)



156 S. V. Ivanov et al. / Thermodynamic analysis of segregation effects in MBE of A '-B" compounds

720 700 680 660 640 620 T, 0 According to our consideration, the very low solid

.4s2, . . . ._. . .solution growth rates and high V/Ill ratio should
result in the disappearance of a T, "forbidden"
range because of the merging of its upper and

X-0.2 *Goqs lower boundaries (see fig. lb and fig. 3).
166 X=04 0 The shaded regions in fig. 3 show the growth

x=s \ 4',m/h! condition ranges within which, according to the
-thermodynamic analysis. a Ga segregation layer

should appear at the growth rates of 2.1 and 0.7

x \ N0" N Nm/h. The full and open circles are the experi-
S , N, , " 0 P4 mental data of ref. [13] corresponding to rough

N , N N N '-.. and smooth morphology of AI O3Gao 7As layers
respectively. Our experimental results for the

\\\\"~'-N Al 0.3Ga 0 7.As growth rate of 0.7 um/h are alsoN0 N \ \,
8 N . shown by closed and open squares (rough and

\ N N " smooth morphology respectively). The experimen-
tal conditions and the method of arsenic excess

Pa 2 N(-X) pressure measurement and calculation are practi-
21" cally the same as in ref. [25].

/Ts, K7 The case of indium segregation on the surface

Fig. 3. The experimentally obtained (in ref. 111)) minimum of Ga ln__ As and Al,.1n1 *As can be consid-

possible arsenic beam equivalent pressure corresponding to the ered in the same way.
transition from As- to Ga-stabilized conditions on the GaAs
surface at zero growth rate (dotted line). The calculated tem-
perature dependences of arsenic equilibrium partial pressure
over the AI-Ga-As-AI,Ga,_,As liquidus at different x 7. Dopant segregation in MBE of IllI-V con-
(dashed lines) and minimum possible arsenic beam equivalent pounds (Sn segregation in GaAs)
pressure. which are necessary to provide As-stabilized growth
conditions at different alloy growth rates of 2.1 and 0.7 Mm/h At present the kinetic models of the impurity
(solid lines). The shaded regions show the theoretically predic-
ted growth condition ranges, within which a Ga segregation segregation process in MBE are widely used [15].
layer should appear at the growth rates of 2.1 and 0.7 Mm/h. Among them, the segregation models for tin in
The full and open circles are the experimental data of ref. 1131. GaAs are the most developed [16.17]. The first
corresponding to rough and smooth morphology of thermodynamic consideration of tin doping of
Al,, Ga117As layers, respectively, provided that the arsenic GaAs was performed in refs. [4.18].
beam equivalent pressure for the layer grown at 600°C is
believed to be equal to 10 ' Torr. Our experimental results for Here, using the thermodynamic approach de-
the Al,, Ga0, As growth rate of 0.7 Mm/h are also shown by veloped in the previous section, we consider the
closed (rough morphology) and open (smooth morphology) arsenic equilibrium partial pressure over the Ga-

,squares. As-Sn liquid phase, which is in equilibrium with

GaAs doped with Sn.
where 1 {PAc1 )' is taken from the experimental curve Within the substrate temperature range of in-

terest (T < 800 0 C), the arsenic concentration in
(dotted line). As is seen from fig. 3, the effect of a
(P"a')' increase becomes noticeable within the

substrate temperature range of 630-640°C, which [As,.] << 1. [Gad + [Snl_] - 1. (25)
is in a good agreement with the lower boundary of
the T, "forbidden" range [12-141. It is obvious The gallium equilibrium partial pressure over the
that the larger the solid solution growth rate at the Ga-Sn-GaAs: Sn liquidus is as follows (see (16)):
sam e V/Ill ratio, the larger P ,. ,,, and, hence, - j
the higher the lower "forbidden" range boundary. - y(,,
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Ts. C centration in the melt (maximal tin vapor pres-
M 700 600 600 sure).

Pia' ",By analogy with the gallium segregation case.
-_o_ Ga~s Sri one can show that PA,.,,, should exceed P,',n at

C Ns,,, given T > T to prevent Sn surface segregation.

--L i.e. it should be essentially increased compared to
the pressure commonly used to grow undoped

. .GaAs (compare solid and broken lines in fig. 4).

, pn, the liquid phase becomes tin depleted, so Psn
_67 decreases and PsSn over the tin-rich solid phase

100 110 120 f3'0 becomes higher than Ps-. In this case the quasi-
i00/ Ts, 1< liquid phase seems to be unstable. The shaded

Fig. 4. The temperature dependences of arsenic equilibrium region in fig. 4 corresponds to growth conditions
partial pressure: over the Ga-GaAs liquidus (see (7)) (solid at which the Sn segregation layer cannot occur at
line). over the Ga-As-Sn liquid phase, which is in equilibrium 10"' cm
with GaAs doped with Sn up to the concentration -10O a doping level of cm
cm (P,,", ) (dashed line), and over the GaAs saturated
solution in Sn ( P,. ) [20] (broken line). The dotted line is the
same as in fig. 3. The shaded region corresponds to growth 8. Interplay of impurity segregation and diffusion
conditions at which the Sn segregation layer cannot occure at a in MBE (Be in GaAs)

doping level of - 10s cm 
i

In general, impurity segregation depends on the
rate of atom arrival from the bulk to the surface.

where -y,, is the Ga activity coefficient in the Thus it is necessary to take into consideration the
liquid phase. The calculation of -Y(ia using ref. [10] balance of the atomic fluxes (the mass conserva-

for T, = 700'C and Sn concentration in GaAs tion law). This is true for the case of Be in GaAs.
- 10111 cm 3 ([Sn ] - 0.8. [As,] - 0.015. [Ga 1 ] - In this case by analogy with that of Sn in GaAs.

0.2) [19.32] gives the value y(,, = 1.04. Further, we may consider the arsenic equilibrium pressure

taking into account the fact that -(,, = 1, we ob- over the Ga-As--Be quasi-liquid phase, which is

tain from (3). (7), (15). (25) and (26) the following in equilibrium with GaAs heavily doped with Be.

expression for the arsenic equilibrium pressure: Although the Be melting point is 1283°C. the
Be-rich suface segregation layer may be regarded

p s' .. P, /(1 - [Snt If. (27) as the quasi-liquid phase, which we assume to bethin enough for Be microprecipitates not to form.
Fig. 4 presents the temperature dependences of It will also be a reasonable assumption to neglect

arsenic equilibrium partial pressure: (1) over the the arsenic concentration in the quasi-liquid phase
Ga-GaAs liquidus boundary ( PA, ). (2) over the at the substrate temperatures of interest, i.e.
Ga-As-Sn liquid phase (Ga-rich), which is in
equilibrium with GaAs doped with Sn up to the [As1 I ,< 1. [Be, ] + [Gat 1 1. (28)

concentration - l0ts cm ( i -Sn, ) (calcu- Omitting intermediate calculation procedures, one
lated according to (27) using the data of Hurle can obtain
132]). and (3) over the GaAs saturated solution in
Sn (PA,. ) [201. which is the maximum arsenic pP-l - /(I - [Be (29)
equilibrium pressure for tin-rich solution. The in-
terception point of the , -, and P,,",, depen- where . is the arsenic equilibrium pressure
dences determines the minimum critical substrate over the Ga-GaAs liquidus of undoped GaAs.
temperature (T) at which a given Sn doping con- and the Ga activity coefficient in the quasi-liquid
centration corresponds to the maximal Sn con- phase is taken equal to 1 for a simplicity.
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Thus, as it follows from (29) at T = 600- solid phase layer with very high beryllium con-
630°C, when pG,[ becomes noticeable, and at centration close to [BeJ 3 m m. This means that, in
high Be concentration in the quasi-liquid phase, practice, for MBE Be doping of GaAs under the
[BeL - 1, ([Beta] - [Beamx for a Be-rich melt), As-rich condition, when the Be bulk concentration
the As equilibrium pressure over the Ga-Be- is low enough compared to the Be concentration
GaAs: Be liquidus pL, = (pA(a- ')') max becomes corresponding to Be-rich melt ([Beja]b _100
much higher than PAG1 At low temperatures of cm- 3), the Be concentration in the surface solid
about 500'C, pAGa -B eL should be small enough phase layer must be close to [Bea .i.a
due to the commonly observed decrease in the As As has been proposed by Miller et al. 121] and
solubility in a metal solution with temperature. confirmed experimentally by Miller and Asbeck

As is also seen from (29), the dependence of [22], the diffusion of Be in GaAs (and AIGaAs)
on [Be&I] is very steep only in the vicin- may proceed by a movement of the highly mobile

ity of [Be5]mas. So any PA..,,,, high enough com- positively charged Be interstitials (Be,'), while the
pared to will be in equilibrium with a surface resulting profile of electically active substitutional

Be acceptors is determined by an interaction of
these interstitials with gallium vacancies [21]:

TS.,C Be< + Va = Be , + 2h. (30)

900 go0 700 600 500
LA I... .I 1 The concentration of interstitials is assumed to be

641019 f21MSE GoAvee,eat\ \ small compared to substitutional. i.e. [Be'li} <<

4 1024]M&sB ',4J/hs [Be,-J. Applying the law of mass action to (30)

\..N.404l9  
n[29m8EGo~s~be,O'6pm/h gives=

5X0 &26M5~os~e,.h e B,,,,.] p-/[ae,+ I [V,,,]. (31)

SAccording to ref. [23]. the expression for the Be
4 1

2 \ _\\diffussion coefficient can be written as:

,0V ' _[p211 P-/[VC . (32)

For [Be -] > 101 cm - ' and T, in the range of
l -- 500-700'C, the Be diffusion coefficient for MBE

, 0growth may be written as (all symbols as in ref.
[51):

10 KA.,( .K K df) P AO 0.39 5\ \ D. cA aa.

\K f' = Be,;. (33)

where K, is a proportionality coefficient depend-

o g0 100 ( 0 420 (30 ing on the temperature and having a compara-s0/T , i- 2 tively weak dependence on the arsenic equilibrium10'/T,,pressure. Using the Be diffusion coefficients ex-
Fig. 5. The temperature dependences of diffusion length in p s
(LI at different Be doping levels (the solid line at I x 1019 perimentally measured at different doping levels
cm ' corresponds to the experimental daza of ref. 121] { x ), the and substrate temperatures and taking into
dashed lines are calculated with respect to that according to account (33), it is possible to estimate the distance
(34)). The solid horizontal lines show layer thicknesses in 1 s (L), which is reached by the diffusion front in one
Id) at different growth rates. Comparison of experimental and second after a contact of doped and undoped
theoretical results on the annealing of GaAs: Be layers and on
the effect of growth parameters and doping levels on the onset regions

of fast Be in-diffusion and surface morphology degradation in L = - [Be(~5 ]. (34)
MBE GaAs: Be (see text).
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Let d signify the thickness of the GaAs layer with the surface solid phase monolayer (SSPM)
grown in 1 s. If L > d, the Be concentration in a with [BeJa] = [Be ,*L0_1 > [Be-ja]b. Since the beryl-
surface monolayer reaches [Be lb for its growth lium concentration at the SSPM in much higher
time even without the input Be flux. Thus, the than the bulk one, the Be interstitial concentration
input Be flux turns excessive and may lead to [BeN] in the SSPM drastically increases (it may be
surface enrichment with beryllium and, as a conse- shown that lBei' - [Be, ]3 ). Thus, in this case the
quence, segregation layer formation, if this is ther- growth surface serves as Be interstitial generation
modynamically favourable, region stimulating the strong Be diffusion into the

Fig. 5 presents the L (see (34)) temperature bulk. This makes it impossible to obtain a high Be
dependences at different Be doping levels. They concentration in a thin layer. This claim is con-
were plotted using the experimental data of high firmed by the data of Pao et al. [24], who observed
resolution secondary ion mass spectroscopy the drastic increase in Be diffusion coefficient
(SIMS) profile measurements of Miller et al. [21] from - 1.4 X I1(- 5 to - 2 x 10 -2 cm2/s with a
at I x 10"' and I X 1018 cm- 3 (crosses and solid Be doping increase from - 3.8 x 10"' to - 5.3 x
line) and the data of ref. [24] at 600 °C from the 1019 cm -3 at 600° C and growth rate of 1.4 ILm/h
normal Be diffusion region (four closed circles in (see fig. 5. closed circles and the solid horizontal
the range of (1.4-3.8) x 10i" cm -3), which agree line corresponding to v. = 1.4 pm/h). In the case
well with the square-law dependence of the diffu- of thin heavily doped layers. this effect prevents
sion coefficient on [Be,. (32). The other depen- the Be segregation layer from appearing. because
dences (dashed lines) were calculated according to the strong increase in Be in-diffusion results in the
(34). assuming the same diffusion coefficient be- increase of the doped layer thickness, with P,
haviour with temperature. One should note the instead of in the increase of [Be]. On the other
good agreement between the Be diffusion coeffi- hand, the increase of Be,' concentration in the
cients in the Be-implanted up to 2.2 x 1019 cm ' growing layer, which was found in ref. [30] to
GaAs laver annealed at 900'C, which was re- participate in the formation of nonradiative
ferred to ;n ref. [261. (open circle), and the later centers. may result in a pronounced rcduction of
reported data on as-grown MBE GaAs: Be. An luminescence intensity [31] at doping levels de-
estimation of the DB. temperature dependence termined by the condition of L = d.
from fig. 5 gives Furthcr, as the substrate temperatures com-

)I,,- eXp(-3.0±0.2)1kT]. (35) monly used in MBE are small compared to the
beryllium melting point (1223 0 C). it is possible

Further. the horizontal solid lines show the d for segregated Be atoms to form solid phase pre-
%alues corresponding to different growth rates. cipitates on the growth surface, leading to the

Usualix the arsenic excess pressure during layer morphology deterioration. The morphologx
growth is higher than P.,q,. corresponding to any degradation has been also reported in ref. [28] to
given beryllium bulk doning level according to be normally associated with the onset of the fast
(29). but less than Pr'. The Be concentration Be diffusion.

[Be,] 5 is determined by the Be to Ga flux ratio To prevent the Be segregation laver formation
[8] in the case when d_< L at constant growth rate

Be,,P] P((36) and Be doping level, it is necessary either to
[Be ePia. 6 reduce the substrate temperature for P.' to be

At low [Bej,h, the diffusion coefficients are very less than the P,,, .,. used (see (29)) or to increase
small and all the Be atoms arriking onto the , .. The former has been demonstrated by
growth surface incorporate as substitutional lievin and Alexandre [27]. when reducing the
acceptors on the Ga sites. As [Bei,], rises. L substrate tenipcrattire from 550 to 500'C at a Be
increases. At last. when L > d. the input Be flux concentration of I x 102-" cm 3 Recently Pao et
becomes excessive and a quasi-liquid phase of al. [28] have succeeded in suppressing the fast Be
segregated Be atoms arises. It is in equilibrium diffusion completely and obtaining good surface
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morphology by a strong increase of the As 4/Ga 13] F.A. Kroger, The Chemistry of Imperfect Crystals

ratio. This has been found to be possible only at (North-Holland, Amsterdam, 1964).

= 5200°C for a Be concentration of 1 1020 [4] R. Heckingbottom, G.J. Davies and K.A. Prior, Surface
c , b not a Be c of I a Sci. 132 (1983) 375.
cm -3 , but not at T, = 580°C. This result also [51 D.T.J. Hurle, J. Phys. Chem. Solids 40 (1979) 613.

agrees well with the conclusions from eq. (29). [61 R. Heckingbottom, J. Vacuum Sci. Technol. B3 (1985)

Moreover, the D,, measured in ref. [28] at an 572.

As 4/Ga ratio corresponding to the transition from 17] J.M. Van Hove and P.1. Cohen. Appl. Phys. Letters 47

fast to normal Be diffusion had a value at which L (1985) 727.
[8] P.S. Kop'ev and N.N. Ledentsov, Soviet "hys.-Semicond.

is equal to d at the growth rate of 1 m/h (see fig. 22 (1988) 1093.

5. closed triangle at 5200 C). [91 N.N. Ledentsov. B.Ya. Ber. P.S. Kop'ev, S.V. lvanov.

It is also obvious from the model proposed that B.Ya. Meltser and G.M. Minchev. Zh. Tekh. Fiz. 35

the effects connected with the Be surface segrega- (1985) 142.
[101 M.B. Panish and M. Ilegems, in: Progress in Solid State

lion could be observed at the lower doping levels. Chemistry. Vol. 7. Ed. H. Reiss and J. McCaldin (Per-
if the growth rates are small enough. limura and gamon, Oxford. 1972) p. 39.

Kawabe [29] reported the transition from smooth 111] J.C. Harmand. F. Alexandre and J. Beerens, Rev. Physique

to rough morphology at 2.2 x 1019 cm
- 3 at a Appl. 22(1987) 821.

growth rate of 0.46 Mm/h) closed square in fig. 5 [12] R.A. Stall. J. Zilko, V. Swaminathan and N. Schumaker. J.

at T = 570'C). The same transition was observed Vacuum Sci. Technol. B3 (1985) 524.
[131 F. Alexandre. L. Goldstein, G. Leroux. M.C. Joncour. H.

in this work at v. = 0.39 Mm/h and the lower Thiberge and E.V.K. Rao. J. Vacuum Sci. Technol. B3

doping level of - 5 X 10l cm- 3 (encircled dot in (1985) 950.
fig. 5 at T 620 °C) (for the experimental condi- [14] H. Morkot, T.J. Drummond, W. Kopp and R. Fisher. J.

tions, see elsewhere [25]). The encircled dot at Eletitrochem. Soc. 129 (1982) 824.
T = 540'C corresponds to a smooth surface mor- [151 I.E. Greene, S.A. Barnett. A, Rockett and G. Bajor. App.

Surface S i. 22/23 (1985) 520.
phology layer with p = 6.4 x 10) cm grown at [161 C.EC. Wood and B.A. Joyce. J. Appl. Phys. 49 (1978)
t5 = 0.43 Mm/h and at an arsenic excess pressure 4854.
much higher compared to the undoped GaAs [171 J. Harris. D.E. Ashenford. C.T. Foxon, P.J. Dobson and

growth. B.A. Joyce. Appl. Ph's. A 33 (1984) 87.
[181 R. Heckingbotnom. in: Molecular Beam Epitaxy and Het-

erostructures. Eds. L.L. Chang and K. Ploog (Nijhoff.
Dordrecht. 1985).

9. Conclusion [19 D. Dutartre and M. Gavand. J. Crystal G row th 66 (1984)
647.

One may conclude that the thermodynamic de- [201 S.S. Strelchenko and VA. Lebedev. A"'-B' Compounds

scription of segregation effects in MBE of 111-V (Metallurgiya, Moscow, 1984) (in Russian),
compounds proposed here is in good qualitative 1211 J.N. Miller. D.M. Collins and N.J. Moll. Appl. Phxs
and in some cases quantitative agreement with the Letters 46 (1985) 960.

experimental results, and provides a very useful [221 D.L. Miller and P.M. Asheck. J. Appl. Ph's. 57 (1985)
1816.

guide for controllable change of growth parame- [231 F.C. Frank and D. Turnbull. Ph. . Re%. 104 (1956) 617.

ters to obtain high quality epitaxial structures with 124] Yi. Ching Pao. T. Hierl and T. Cooper. J. Appl. Phv's. 60
abrupt composition and doping profiles and per- (1986) 201.
fect surface morphology. This approach may he [251 P.S. Kop'ev. S.V. Iano%. A.Yu. Ycgorov and D. Yu.

used for the description of MBE growth and dop- ~Uglov. J. Crystal Growth 96 (1989) 533.
1261 W.V. McLevige. K.V. Vaidsanathan. B.G. Streetman. M.

ing of other semiconductor compounds. such as Ilegems, J. Comas and L. Plew. Appl. Phys. Letters 33

iI-VI. Si-Ge. etc. (1978) 127.
[271 J.L. Lievin and F. Alexandre. Electron. Letters 21 1985)

413.
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Nonlinear diffusion equation for epitaxial growth and recovery
on vicinal surfaces

Andrea K. Myers-Beaghton and Dimitri D. Vvedensky
The Blacken Laborator " and InterdisciplinarY Research Centre for Semiconductor Material, Imperial College, London S W7 2BZ. UK

Recentlv. we derived a theoretical model for molecular-beam epitaxy (MBE) on vicinal surfaces that includes both adatom
diffusion and a nonlinear term for diatomic island formation. The model was shown to reproduce and explain both the transient
behavior of reflection high-energy electron-diffraction measurements of MBE on stepped surfaces and their dependence on the
growth conditions. Here, we refine the model to include the formation of higher-atomic islands (with up to ten atoms) as well as their
decas and incorporate a simple model for atom attachment and detachment kinetics at the step edges. We show that incorporation
of island break-up is necessary for a realistic model of recovery.

i. Introduction addition to adatom diffusion [9,10]. The inclusion
of a mechanism for nucleation was shown to be

A realistic model of molecular-beam epitaxy essential to reproduce and explain the transient

(MBE) on vicinal (stepped) surfaces must include behavior of reflection high-energy electron diffrac-
both the migration of adatom, on the substrate tion (RHEED) measurements of MBE growth on
and the interaction among these adatoms in the

stepped surfaces [10]. In this paper. we show how
form of cluster formation and break-up. Previous this model can be further extended to model re-
analytical models of MBE growth have generally" coverv processes as well as growth by including
treated each process separately. Kinetic rate equa- formation of higher order islands and island

tions can be used to model island formation alone brea-up o iscus he d s of in-
111; however, this approach is not suitable for break-up. We also discuss the difficulties of in-
[tepped how aets arohch aiusn-o it led cluding the intrinsically two-dimensional kinetics
stepped surfaces for which a diffusion-controlled of atom attachment and detachment at the step

concentration gradient is present along the ter- edges into the one-dimensional model.

races. A different approach is based on the near-

equilibrium crystal growth theory of Burton,
Cabrera and Frank (BCF) [2], in which linear 2. Theoretical model
diffusion equations are solved for the step velocity
and adatom concentration along the terrace. Ex- First, we briefly review the original theory.
tensions of this theory to MBE have been reported before incorporation of atom detachment kinetics
which include corrections due to the non-equi- and higher-order island formation is discussed.
librium growth conditions [3- 6]. However. al- The vicinal surface consists of an infinite train of
though it was recognized that nucleation phenom- flat terraces of width h in the x-direction (fig. 1).
ena would be important under typical MBE con- The effective diffusion equation for the adatom
ditions 17.8], none of these treatments have ex- concentration n(x. t) in the continuum limit is
plicitly combined both adatom diffusion and a
mechanism for island formation. an(x, i) d2n(x. t) an(x. t)

Recently we have introduced a theoretical al+J D() 2 .h

model for MBE on vicinal surfaces based on the - R[n(x. t)].
BCF diffusion equations which includes a nonlin-
ear term for the formation of diatomic islands in n(0. t)= n(h. t)= 0. (1)

0022-0248/91/$03.50 F 1991 - Elsevier Science Publishers B.V. (North-Holland)
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The above equation is written with respect to a which an island with j atoms is formed is given
coordinate system moving with the velocity v(t) by:
of the steps. In (1), D is the diffusion constant of
the adatoms on the terraces, J is the adatom flux R (n , , n, nj+)
to the surface, and R[n] is the rate of adatom
nucleation, specified below. The diffusion con- -Dn,(ny- - nj) +J -j_ nL
stant is taken to be

-k,(n,-n+;), j _2. (2)

D =a a 2 exp( -E 0D kBT).
The first term on the right-hand side of (2) repre-
sents the rate at which single mobile adatoms

where v is an adatom vibrational frequency on the collide with existing atoms or islands and is pro-
order of 10 3 s -  a is the nearest-neighbor hop- portional to D and to a, a capture efficiency of
ping distance, ED is the effective activation en- order one [1]. The second term accounts for the
ergy for diffusion of a lone adatom, kB is Boltz- direct collisioi of incoming atoms with adsorbed
mann's constant, and T is the substrate tempera- adatoms or islands and is proportional to the total
ture. fraction of incoming adatoms that arrive at

In the original model, we included adatom island-forming sites, n,/no, where no is the con-
nucleation on the terraces to a first-order ap- centration of lattice sites. The factor m. is the
proximation by allowing the formation only of number of sites around an adsorbed entity with j
diatomic islands. We now consider inclusion of atoms that will form a (j + 1)-atom island when
higher-order island-formation as well as a mecha- filled. The third term accounts for island decay.
nism for break-up of the islands. The concentra- If we now assume that islands have a finite
tion of a species with j atoms is denoted by n,(x, probability of breaking up. then we must also
t). We assume that an adatom attached to an include the detachment of single adatoms from
island detaches itself from the island with a prob- the step edge. We employ boundary conditions
ability per unit time of kd. Thus the net rate at [6,11] which identify the flux into the step from

V
Fig. 1. Schematic representation of a section through the stepped crystal.
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the concentration of singly bonded atoms on the
Sd step edge and is a constant*, thus

Sd a exp[ -(ED + EN)/kBT)I/4,

kd where the factor of four occurs because only one
hop in four directions (assuming a (001) surface)
will result in detachment of the atom below (or
above) the step. Furthermore, we assume that the

71 rate of attachment of an atom to the step is
Y proportional to its mobility; hence

s. va exp( - ED/kBT)/4.

L X It is convenient to introduce dimensionless

En, variables by y u Dn,/Jh2 , x -~ x/h.
rQ ~ ~ ~ ~ e of Xt)t~,I n nonla euThios inculuding is-

Fig. 2. Depiction of adatom attachment and detachment kinet- flond s t up toinea atoms:icldigs
ics below the step edge and island break-up on the terraces. ladwihutoNtms

' - +I+ t'a--:-- - 2av,(/h1y + Min)

either above or below to be given by the next rateN-
at which atoms hop into the step edge (fig. 2): -j +~ Ki,) + (2yY2 +

dn

dn (3) (4)y1 y 1  ,
D-d _= -sn(h, 0)i + dn,. a Va- - a : -

Above, the rate constant for adatom incorporation + (in.M',--mv

into a step is s.. and s, is the rate of detachment + Kd [ ,,, - y, 1. j 2.
of atoms from the step edge, where n, is the
concentration of singly-bonded or kink-site atoms
on the step edge which may detach. The dimensionless parameter a =Jh /Dn, repre-

Inclusion of island and step breakup leads to sents the ratio of the diffusion time for an adatom
the introduction of several new parameters: kd,' to reach a terrace (h 2/ID) to the interarrival time
s,,, sd and n,. Assuming that the energy of attach- of atoms per site (n,/J), #i = an~h2 is a measure
ment between two nearest-neighbor atoms is EN of the rate of island formation. and K, = kdh 2 /D
yields is the ratio of the diffusion time to the average

lifetime of a diatomic island.
kd = exp - (ED +EN)/kBT)J.-

Estimation of the step kinetic parameters s., 5
b'

and n, is more difficult since the values of these 3. Results and discussion
parameters will depend on the two-dimensional
morphology of the step edge, which is not in- To compare the transient behavior of our non-
cluded in our one-dimensional averaged theory. linear theory with RHEED measurements of MBE
As a first approximation, we will assume that n, is on stepped surfaces [12--14]. we calculate the
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kinematic intensity down the staircase at the off- into the step edge and the step effectively shoots
Bragg angle [5]: across the surface, forming a less densely-popu-
I(S = ir/h, S. = 171a; t) lated fresh terrace and an oscillation in the inten-

sity. The build-up of islands is then repeated but

11 2 to a lesser extent until the intensity oscillations are
= 1- . t) e"d x . (5) damped out. At low a (high temperature), growth

= Iproceeds predominantly by incorporation of mo-
bile adatoms into the step edges. The velocity and

Fig. 3 shows the intensity as a function of a for kinematic intensity do not oscillate but instead
324. calculated numerically from (4) using a evolve monotonically to their steady-state value.

finite difference method [15]. At the left is shown In the RHEED measurements, a temperature
the intensity for the original theory with diatomic T was defined as the temperature where temporal
islands only and infinitely "sticky" adatoms (EN oscillations are no longer detectable during

-c. kd. s, = 0, and sa - oc). The transient growth; this was interpreted to correspond to the
behavior of the calculated intensity during growth onset of step flow, i.e. growth dominated by incor-
exhibits a remarkable resemble to temporal poration of atoms at the step edge [12]. We have
RHEED measurements of MBE on stepped shown that T can be predicted from our original
surfaces 112-14]. At high a (low temperature), the model 19] as the point at which pair-formation
nucleation rate is substantial and the pair con- may be neglected and epitaxial growth proceeds
centration builds up until at a time equivalent to perdominantly by step propagation:
deposition of one monolayer, a large proportion of
the surface is covered. Then, the velocity suddenly
increases sharply as these islands are incorporated T (ED/kB)[ln(va 2/2Jh 4 )-

No island breakup With island break-up

a=_0.0-10

. a=0.0 0.025

0.050

0.100
0.10

-~ -~ (0.50-

1,00

'! , [ \ 'I

- 2 -4 - 0 " 2-- --4 - 6 --- _

Time (monolayers deposited) Time tmonolayers deposited)

Fig. 3. Kinematic intensity at S, - ir/h and S. = nr/a for growth and recovery. The left-hand panel shows the nonlinear theory
including nucleation with diatomic islands only for 0 = 324. and the right-hand panel includes islands with up to ten atoms as well as

atom detachment from the islands and step edges.
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We obtained excellent agreement between the val-
ues of T determined by the nonlinear model and 7 - 00014
those obtained from both Monte Carlo simula- 6

tions and measurements on vicinal GaAs (001)
surfaces for different Ga and As 2 fluxes [9]. 5 -

Nucleation reduces the effective diffusivity of the 4 -

adatoms by several orders of magnitude, and 30
therefore a realistic model of MBE on vicinal
surfaces must include the nonlinear interactions 2
responsible for island formation. I

Although inclusion of diatomic island forma-
tion is sufficient to quantitatively predict the tran- 0

sition to step flow, several refinements are neces-

surfaces. On the right-hand side of fig. 3, we show 7

the intensity for inclusion of islands with up to ten 6
atoms in (4), with a finite probability of detach- -
ment EN/ED = 0.2 and with n/nn = 0.25, which -
was chosen to yield a total concentration of 4

material under the step edge at T to be close to 3

that for the previous model, about one percent.
Several differences are apparent between the origi-
nal and modified theory. 11

Firstly, the intensity does not recover after the 0 _

cessation of growth for the original model since 1 2 3 4 5 6 7 8 9 10

the diatomic islands are not allowed to decay. The j, atoms in island
recovery profile for the modified theory, on the Fig. 4. Number of atoms in each species on the terraces.

other hand, compares qualitatively well to mea- j(nl/no) as a function of a for 8 324. EN/ED = 0.2 eV.

surements 1121. Recovery is swifter at lower a J = I ML/s. and n /n 0 = 0.25 in the modified theory (4).

(high temperature) and proceeds from an initial Note the difference in scale.

decrease of single adatom concentration due to
incorporation at steps and nucleation, and a slower
decay of the islands themselves, total material on the terrace. This confirms the

Secondly. we note that oscillations appear more assumption of our original theory, that near step
quickly with increasing a when a greater degree of flow inclusion of only diatomic islands is suffi-
nucleation is included. Fig. 4 shows the total num- cient.
ber of atoms in each type of surface species at Although qualitatively superior to our original
steady state for two different a corresponding to a model, the increase in the number of parameters
step flow regime and to an island-formation in the modified theory means an inevitable loss of
dominated regime. At a= 0.1 it is clear that at predictive power. From the success of the original
least 10-atom islands must be included. for lower model in predicting T, for simulations and mea-
temperature it will be necessary to include terms surements of .IBE growth 191, it was apparent
for coalescence of islands, and other models for that at least for determining the dependence of T,
deposition on flat surfaces are probably more on the growth conditions, detachment of atoms
appropriate. However, at step flow a = 0.0014, the from islands balanced with detachment from the
total concentration of material on the terrace is step and could be ignored to a first approxima-
very small, and formation of triatomic islands or tion. In this paper we attempt to explicitly include
higher only counts for a small percentage of the kinetics at the step edge. Since the model is one-
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dimensional, we are however decoupling growth surfaces, within the intrinsic limitations of the
along the step train from fluctuations along the assumption of one-dimensionality of the step train.
step edge, which STM images have shown can be
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Surface diffusion of Al and Ga atoms on GaAs (001) and (111)B
vicinal surfaces in molecular beam epitaxy

M. Tanaka, T. Suzuki and T. Nishinaga

Department of Electronic Engineering Faculty of Engineering, The Unicersity of Tokyo, 7-3-1 Hongo. Bunky'o-ku, Tokyo 113. Japan

We have measured the critical temperature where the growth mode transition between step-flow and 2D nucleation takes place by
RHEED measurements during the molecular beam epitaxial growth of GaAs and AlAs on (001) and (111 )B GaAs vicinal surfaces.

Combining the experimental results with our theory and taking into account the surface diffusion and supersaturation ratio of

adatoms on the terraces, the intrinsic surface diffusion length A, of Al and Ga atoms is estimated on both (001) and (IlI )B GaAs
vicinal surfaces with various misorientation directions.

1. Introduction suring the critical temperature T of the ap-
pearance or disappearance of RHEED oscilla-

SThere has been much interest in the growth on tions. They assumed that at T, the diffusion length
vicinal surfaces which are slightly misoriented from A (= DT) took the same value as the interstep
a particular low index plane. not only because it is distance X, on vicinal surfaces, where they took T

useful to study the elemental growth process of as the time for monolayer growth. However. in the
molecular beam epitaxy (MBE) [1-41 and metal- sense of their measurements. T should be the
organic chemical vapor deposition (MOCVD). but aere ti e m en sol beth

average time Tn, for two-dimensional (213)
also because planar superlattices (PSLs) and nucleation to occur, which is much smaller than
quantum wires can be formed by depositing f- . the time for monolayer growth. Thus the diffusion
tional monolayers (MLs) of GaAs and AlAs alter- length X (= Dj, ) is a function of the surface
nately on the vicinal substrate 15-111. For imple- step density.
menting these novel structures as intended, one Unlike the oversimplified analysis of Neave et
must understand the elemental growth processes al. [1], the principal idea of our theory 12.31 is that

on vicinal surfaces. the the growth mode transition between step-flow
Although it was pointed out that surface dtffu- and 2D nucleation occurs when the surface super-

sion is one of the most important growth processes saturation on the terrace becomes equal to the
in MBE [2]. very little is known about the atomic critical supersaturation for 2D nucleation. Here
details of surface diffusion and various physical we apply this theory to the estimation of intrinsic
parameters characterizing the process such as dif- diffusion length A, of Al and Ga atoms on various

fusion length, residence time, activation energy vicinal surfaces.
and so on. In this paper. we study theoretically We assume that when the growth mode is bN
and experimentally the surface diffusion process step-flow, the step acts as a uniform sink for the
in MBE growth of GaAs and AlAs on both (001) diffusion of adatoms and that there is no other
and (I I1)B GaAs vicinal surfaces. sink of adatoms. It is also assumed that the den-

sity of adatoms on the surface n, takes the value

2. Theoretical model of equilibrium density of adatoms n, at the step
edges and that GaAs or AlAs grows macroscopi-

Previously. Neave et al. [1] tried to determine cally with stoichiometric composition. Since chem-
the diffusion coefficient D, of Ga atoms by inca- ical equilibrium is assumed at the step edges, the

0022-024'91/$S03-50 , 1991 - Elsevier Science Publishers B.V. (North-Holland)



M. Tanaka etaL. / Surface diffusion of AI and Ga on GaAs (100) and (I I I)Bcvinal surfaces in MBE 169

following equation is realized between column III and thus the following equation is derived from
atoms (Ga or Al) and column V molecules (As 4) eqs. (2) and (3):
during the step-flow growth: 0 Xo

_mr _v I/4 K, 4  4?u1 tanh 4S011
If I( ) 1/ (2 1rrm m k T )l/2 (2 ";rm Vk T )' / 8 TK

T f -.(aci t - 1~ ) 1/4 (217.. kTJ)1/2, (5)

where T, is the mean resident time. m is the mass where Pv is the vapor pressure of As 4 at equi-
of adatoms, k and T, are Boltzmann's constant librium and is assumed to be equal to the incident
and substrate temperature, and K, 4 is the cqui- flux of As,.
librium constant for the reaction given by Ga(Ai)
+ 'As 4  GaAs(AlAs). Here, the mass action law
was employed for the GaAs (AlAs) crystal and 3. Experimental results and estimation of intrinsic
gaseous Ga(AI) and As 4. The value of Kp 4 is surface diffusion length on (001) and (1I1)B
derived from the recent results of Seki and Koukitu surfaces
[12]. While eq. (1) is true for step-flow growth. the
following equation is satisfied when 2D nucleation To determine the critical growth parameters in
begins to appear: eq. (5). we measured them where the RHEED

I VI rh2) oscillation begins to appear or disappear on vari-

am",amax = acv ' = exp (65 ). (2) ous vicinal surfaces. GaAs misoriented substrates
, (65 - In 10")T, which are slightly (1"-20) tilted from the (001)

Here we assume that disk-shaped 2D nucleation plane towards [110] (we denote here (001) "A"

occurs once a second per 10 nm. 2 is the atomic surface), and towards [1101 ((001) "B" surface).

volume, h is the height of the disk, a is the and I' tilted from the (ll)B plane towards [1001.

surface free energy whose value we tentatively [110] and [0111 are used. MBE growth was carried

choose as no X 0.70 eV for GaAs and no X 0.86 eV out mainly by ULVAC MBC-508. After removing

for AlAs, where no is the density of lattice sites the native oxide by heating the substrates up to

and 0.70 eV (0.86 eV) is half the bond energy of 600'C under the incident As4 flux, a GaAs buffer

GaAs (AlAs), a is the supersaturation ratio, and layer of 3000 A was grown at 600'C and then the

a,, its maximum value given by growth was interrupted for 2 min to make the
surface atomically smooth. The V/Ill flux ratio

11noA X, (As 4/Ga and As 4/AI) was maintained at 2.0-2.5
ama, = 1 + IIIXl ' tanh--4.~. (3) for the growth of both GaAs and AlAs. Thegrowth rate was varied from 0.1 to 1.0 /'m/h. An

,Vno0 Xo0 X0 electron beam with an acceleration voltage of 20
am I+ n"4. 2A, tanh (4) kV was used in the RHEED and the specular

beam intensity was measured at the orthogonal
where r is the time of monolayer growth, X, is azimuth to the misorientation direction. In each
the average terrace width, and X, is the surface experimental run, after a GaAs layer of more than
diffusion length. 100 A was grown under the step-flow conditions

At the critical temperature T, where the growth and the growth was interrupted for 2 min, GaAs
mode transition between step-flow to 2D nuclea- or AlAs was grown on GaAs.
tion takes place, both eq. (1) and eq. (2) are While the details of the RHEED patterns which
satisfied simultaneously. When the flux of As 4 is show splittings of integral order beams and their
much higher than that of Ga (or Al), the super- dependence on the growth conditions were re-
saturation ratio of As is nearly equal to unity [2]. ported elsewhere [13], here we focus on the



170 M. Tanaka et at. / Surface diffusion of Al and Gaon GaAs (100) and (lIJ)B vicinal surfaces in MBE

RHEED intensity oscillations with the incident decrease of temperature, indicating that the de-
electron beam parallel to the step edges, and mea- sorption energy is larger than the diffusion energy,
sure the critical temperature for mode transition and therefore, with the decrease of temperature,
T under various growth conditions. The results the residence time becomes large so that the atoms
showed that: (1) T increases as the off-angle can migrate a long way on the surface if there are
decreases (average terrace width increases); (2) T no steps and kinks. These results also indicate that
increases as the incident column ITI atoms (growth the surface diffusion length X, of Al is much
rate) increase, (3) T on the (001) "A" surface is larger than that of Ga. This is because AlAs has a
higher than that on the (001) "B" surface; (4) T larger bond energy than GaAs and is more dif-
on the (001) surface is higher than that on the ficult to reevaporate. Note here that X, is the
(Ill)B surface. (5) T of AlAs is higher than that average diffusion length during the resident time
of GaAs. (6) little difference was found between T, on the surface without steps and kinks, and
different directions of misorientation on (111)B. hence, is intrinsic to the material, depending on

First. the surface diffusion lengths of Ga and temperature.
Al atoms on (001) GaAs vicinal "A" surface and In the present model, it is assumed that chem-
"B" surface are calculated by eq. (5) and plotted ical equilibrium is established at the steps on each
in figs. la and lb. Theoretically. the diffusion "A" and "B" surface. We have to consider, how-
length of III atoms is given by ever, the possibility that the step-edge structure is

different between the "A" surface and the "B"
A, = a exp(Q/2kT,), (6) surface, as we discussed in previous papers [3.141.

where a (= 4.0 A) is the jump distance, Q = Ed,, Studies on the step structures and their depen-

- Ed,,. and Ede, and Ediff are the activation dence on the growth conditions are in progress.
energies for desorption and surface diffusion, re- Next, we have performed the same experiments
spectively. Fitting this equation with the experi- on (111)6 vicinal surfaces. Figs. 2a and 2b show
mental data, we can estimate the value of Q/2 as typical data of RHEED specular beam intensity
0.69 eV for Al and 0.37 eV for Ga on the "A" when we grow (a) GaAs and (b) AlAs on GaAs
surface, and 0.74 eV for Al and 0.43 eV for Ga on (111)B vicinal surfaces with an off-angle of 1
the "B" surface. In all cases. X, increases with the tilted towards [110]. T.e behaviour of RHEED

100: 100:

(001) vicinal surface CA") (001) vicinal surface ("B")

toward [1101 0 Al toward [T10] 0.At0 aGo E OG

10 0. 69eV 1

C. 1c 7. C
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40.1043o0. 0 07V
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ul0 0 o0u
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. 20
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Fig. 1. Surface diffusion length of Al (0) and Ga (o) on GaAs vicinal surface misoriented from (001) towards (a) 11101 ("A" surface)
and (b) 1101 (" B" surface).
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*Go (111)B 1"off toward [IT0] RHEED intensity increases rapidly, and then de-
creases and oscillates with the rapid decay of

510 C " amplitude. The most striking difference from the
:3 (001) surface is the much lower critical tempera-

L -A ture in both GaAs and AlAs. This means that 2D
-% 9"nucleation is more difficult on the (111)B surface

than on the (001) surface.z z
W85 By using the measured critical growth condi-
z 529"C tions and eq. (5), we plotted in fig. 3 the surface
- diffusion length X. of Ga and Al atoms on various

od W
S472C (111)B vicinal surfaces tilted towards [100], [10 ]

" 51 c and (0111. A, is estimated to be much larger than
that on (001), and in contrast to the (001) surface,

there is little dependence on misorientation direc-

TIME (10s/div) TIME (10sldiv) tion both for GaAs and for AlAs. By fitting eq. (6)

Fig. 2. Typical data sets of time evolution of RHEED specular th the experimental data, we estimate the value
beam intensity during the growth of (a) GaAs and (b) AlAs on of Q/2 as 0.87 eV for Al and 0.63 eV for Ga on
GaAs vicinal surfaces misoriented from (111)B towards [10]. the GaAs (111)B surface.

specular beam intensities on (111 )B is qualitatively 4. Conclusions
similar to that on (001). The critical temperature
of AlAs is higher than that of GaAs. For GaAs, We have measured the critical temperature
RHEED oscillations can be seen under the As where the growth mode transition takes place by
stabilized (2 X 2) region near the transition region RHEED during the growth of GaAs and AlAs on
between (V1- X 1[-) and (2 x 2). Initially, the GaAs (001) and (11l)B vicinal surfaces. Combin-

ing the experimental results with our theory and
taking into account the surface diffusion and su-

(111)B vicinal surfoce persaturation ratio of adatoms on the terraces, the
0a A toward intrinsic surface diffusion length X, of Al and Ga1000o o l a [

- !l0] atoms is estimated on both (001) and (111)B GaAs
vicinal atoms surfaces with various misorientation
directions. The main conclusions are:

0.87eV (1) Xs increases as the temperature decreases due
100 to the increase of r,.

(2) A of Al is larger than As of Ga because Al
E atoms are more difficult to reevaporate than Ga
:L atoms.

(3) X, on (lll)B is a little larger than that on"<10 o00 o 3 (001).

6(4) From the temperature dependence of X, de-
rived from our txperiments and theory, the value
of Ede, - Ediff was estimated.

1.20 1-25 1.30 1.35

10 0 0/T (K) References
Fig. 3. Surface diffusion length of Al (0, A) and Ga (0, &x) on
GaAs vicinal surfaces misoriented from (II)B towards 1100. 1)) J.H. Neave, P.J. Dobson. B.A. Joyce and J. Zhang. Appl.
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Surface diffusion and atom incorporation kinetics
in MBE of InGaAs and A1GaAs

T. Suzuki and T. Nishinaga
Department of Electronic Engineering. Faculty of Engineering, The University of Tokyo, 7-3-1 Hongo. Bunk yo-kti, Tokyo 113. Japan

We have developed a theory to obtain the surface flux of growing species in MBE, taking account of step kinematics as well as
surface diffusion. This treatment makes it possible to understand the elemental growth process in MBE of Ill-V alloys. The MBE
experiments are carried out and the solid composition of lnGaAs and AIGaAs is measured for the different faces with a different off
angle. Theory hows qualitatively a good agreement with the present experiments suggesting that the role of step kinetics is important
in controlling the alloy composition.

1. Introduction 2. Theoretical consideration

Many efforts to obtain surface diffusion length Fig. 1 illustrates schematically the model of the
or surface diffusion coefficient have been made to present theory. An equi-distance step train on a
account for the growth mechanism of MBE in vicinal surface is assumed. Therefore, the problem
which surface smoothness is accomplished with can be treated as one-dimensional. According to
the insensitivity of the growth rate to the tempera- BCF theory [31, one obtains the surface flux inci-
ture and the substrate orientation (1,2]. In the dent to the step edges J((A,/2) as 14,5]
usual growth of IllI-V MBE where reevaporation (Xo
can be neglected. the surface incorporation length )A, in - [,X tanh (1)
of the group III element, which is defined as the T,

distance from the adsorption on the surface to the ji -

incorporation into the crystal is the most im-
portant to understand the growth mechanism, but ;Le r + n'
it is a complicated function of many kinds of 2 a.
growth parameters, for example, step density, step - - ----------- ------------ -
orientation, growth temperature, arsenic pressure 2 a z,

and so on. In this situation, in some cases the
incorporation of the diffusing atoms into the steps - -0 0_-
becomes the main rate determining process, and 2 J 2
the surface diffusion might play a minor role. j I

In this paper, we propose a growth model in n
which step kinetics plays an important role in
addition to the surface diffusion. Then experirren- J.
tal results for the growth of lnGaAs and AIGaAs
on the substrates with a different off-angle are Fig. 1. Schematic illustration of the present model with distri-
shown and explained by the present model in bution of surface diffusion adatoms. An equi-distance step
which step kinetics is taken into account. train is postulated.

0022-0248/91 , ' 1091 - Elsevier Science Publishers B.V. (North-Holland)
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where nstep, X, Jf and T, are the concentration It is important to mention that in the limit of
of adatoms at the steps, the surface diffusion 'k = 0, where the microscopic process is neglected,
length, the flux incident to the growing surface eq. (4) expresses the macro-equilibrium between
and the resident time of adatoms, respectively, vapor-solid phase calculated by thermodynamic
Here it is important to mention that this expres- technique [8,9]. In this treatment. T'k is defined for
sion contains the surface diffusion length which is a step. which allows us to employ a one-dimen-
defined as (D.,;)' , where D, is the diffusion sional model. In the actual case, Tk depends on the
coefficient and plays a major role in the BCF kink density. the step shape. the surface recon-
theory. However, under the usual MBE condi- struction. etc. Hence, if we know Tk in detail as a
tions. and even if the reevaporation cannot be function of various growth parameters, we can get
neglected at rather high growth temperature, the the information about the growth mechanism of
residence time of the adatoms is longer than the MBE.
time for diffusing atoms to reach the step edge.
Then we can postulate X, >> A, and obtain the
more simple form 3. Experimental results

t y, .) X (2) GaAs(100) substrates with different misorienta-

2 " T, 2 tion, nominal (100) ( < 0.50 ). 20. 50 off to (IIl)B

Next, we define the concentration at the step and 20 off to (11)A and nominal (111)B ( < 0.10)
edges. n,,,P. There are experiments where we must were degreased and after chemical etching. they
assume that adatoms can diffuse as far as 1 pm were mounted with indium on the same Mo block.
[6]. This means that all the surface atoms entering After removal of the native oxide by heating up to
the step are not always incorporated into the 6200 C under incident As 4 flux. GaAs buffer layer
crystal, but many are reflected back or pass over more than 3000A was grown at 580 C. Then the
the steps. To include this process, we introduce a substrate temperature was set at the temperature
relaxation time Tk [7], the inverse of which is the higher than the normal growth temperature for
probability per unit time for adatoms within a Ill-V alloys.
jump distance to be incorporated into the step and In the case of InGaAs. the growth conditions
so far neglected in our previous treatments [5]. are chosen such that tie flux ratio Fn/FS is

The flux into the step from one side on the 0.49/0.51, and the growth rate and the thickness
surface is determined by the average number of of the layer are nominally about 0.7 pm/h and 1.4
adatoms within an elemental surface jump dis- Am. respectively. The growth thickness is much
tance a. Since n,,,p is the number of adatoms per larger than the so-called critical thickness for the
unit surface adjacent to the step, ntepa is the strain relaxation, hence one can neglect the effect
number per unit step length and nstePa/Tk is the of lattice strain in the following analysis. After the
number per unit step length per time going to the growth, the concentration of the In was de-
step from that side. On the other hand, the flux termined by X-ray diffraction. For the growth of
leaving the step is n'a/rk where n' is the equi- AIGaAs. the incident flux ratio F,,I/F, is chosen
librium concentration of adatoms. Then the net as 0.133/0.867; the growth rate of 1.0 pm/h and
flux incorporated to the steps is given by the thickness of layer of 1.0 Am are nominally

employed. After the growth, the concentration of
an,,, - an (3) Al was estimated bv photoluminescence (PL) at 77

2 ) k = T K.
From eqs. (2) and (3). n,tP can be calculated and It is difficult to reproduce the substrate temper-
eq. (2) leads to ature accurately in many growth sequences. There-

fore. the following method has been used to

P( = - - + / ' (4) calibrate the growth temperature. Curve (1) in fig.2, 1 + Ao1)k/
2

aT, 2a shows the dependence of the concentration of
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In on the growth temperature obtained from the the concentration of In is higher for the substrate
periods of RHEED specular intensity oscillations misoriented off to (1I1)B than off to (111)A. On
in the growth of ln Gaj_-As (x =0.18) on a the other hand, the Ga concentration in AIGaAs
GaAs(100) substrate. With this curve, it is possible shows no orientation dependence at all.
to get curve (2) for x = 0.49 with the thermody-
namic theory [8], and experimental results of In-
GaAs on GaAs(100) substrate were fitted to this 4. Discussion
curve (2). In this way, the true temperature for the
set of substrates on one Mo block was determined. To understand these two results of great con-
In the case of AlGaAs. the data of GaAs(100) are trast, we use eq. (4) to determine the alloy com-
calculated by the thermodynamic theory with the position dependence on the growth temperature.
parameter fitted to experimental conditions and In the case of InGaAs, In atom reevaporates pref-
the true temperature for the set of substrates was erentially and the reevaporation of Ga atom can
determined with the same technique employed for be neglected. Then from eq. (4) one gets the
InGaAs. Figs. 2a and 2b show the experimental concentration x in InGa,_-As as
results for InGaAs and AlGaAs, respectively, after
the calibration. The concentration of In and Ga -Jt- n n I (
respectively in lnGaAs and AIGaAs decreases x J -' n(5) Wn

rapidly with increasing growth temperature be- In + J4A'; - n e t  I
cause of the reevaporation of In and Ga, respec- n 'l) + Wi

tively. In the growth of lnGaAs, however, the In
concentration has a large orientational depen- with
dence which cannot be explained by thermody- ,ok,
namic theory and the following relationship is Win , 2aTI0  (6)
found in this experiment. Increasing the off-angle
at the same off-axis, the concentration of In be- where the subscripts mean the values for each
comes higher. and at the same off-angle (2' off) atom. From eq. (5) it is shown that as the step

l Calculated(by Seki et al.)

A I,- a As
INPUT A I(Al-Ga)

Aa 0 2 - 0.133.n

(100)<0.5 )i . 11
(12)2 " ...f toi MIA U ,(O )" f o< I ,

V\

a
0 (100) <0. 5

Aj (l0)5"off to < , 8" INPU]T In/(,IoGa) O. 18" ..
;J O A. to ( t ) o. " \\\

a i .o b (IoO)2"off to <111,A %I
1L _ _ ... - -, ....... . .. ...............-. .. .... ....... - -\

00 5H 520 540 560 580 600 620 640 6+20 640 660 Ho 700 720

T..... [ ' C I T-1...... * "C I

Fig. 2. Substrate temperature and orientation dependence of (a) InGaAs and (b) AIGaAs. Curve (1) in (a) shows the experimental
results on In concentration versus substrate temperature obtained by RHEED intensity oscillations and curve (2) shows the
composition for x - 0.419 after calibration. The shaded portion in (b) shows the range of the experimental error which comes mainly

from the nonuniformity among the substrate temperatures on the same Mo block (±+2.5*° C).
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Substrate Temperature!t] become infinitely large since the presence of Al

520 00 580 5 0 might produce a large number of 2D or 3D
nucleations. Once this happens, X, becomes nearly
zero and we getandn.. T

x A (7)
i~i. + J - j n _ + J

: Tfor AI_ Ga, . As. Eq. (7) takes the same expres-
" , sion as the one which the thermodynamic theory

~gives and it shows no dependence on the orienta-
' tion, in agreement with the experimental results.

(2) It can be assumed that although the growth
:'" ........ ........................ occurs in the step flow mode, the growth reaction
" at the front becomes much more closer to equi-

1 0 0: 0';.... 'K] librium than the case of InGaAs. Then we can
F ig . 3 . 7' k" . ,, zn v e r s u s g r o w t h te m p e r a t u r e in t h e l n G a A sa s u e T G < < T , 3 a n w e g t h e a m f o m sobtained from the experimental results with the substrates of asue"ka Taanwegtheamfoms

GaAs 1100) 2 *. 5 ' off to (IlIlI>B. The expermental error bar eq. (7). In this situation the main point of great
corresponds to the nonuniformity among the substrate temper- contrast between InGaAs and AIGaAs exists in

ature and the activation energy was found to be 5.3+ 0.8 eV. the difference in incorporation kinetics of In and

Ga at the steps, respectively. It means that the In

distnceis ncresedat he sme ubsratetemer- atom is difficult to be incorporated into the crystal
aitane. the cncnrsdato the is ecsbsraed ander (steps) and it passes over or is reflected back at

tatra, the gowteperature ofinsdcrease, whic the step edges more frequently than Ga in the

corrspos tgowt deerathereincese,c growth of AIGaAs. In other words, the difference

threspokneis whic deresn eresidec bym Tpay, exists in the degree of equilibrium established at

moe iotapntc whic i deeriinse allys om the step edge, namely, Ga in AlGaAs is expected

moiposit n efromei eenn the alloy comn -hc to be much closer to equilibrium than In in In-

cositaions thencefome pres lof thempositiowic GaAs. Up to now. it is difficult to conclude which

cotansth cmbne pocssofth revpoa explanation is correct.
tion and the incorporation. the ratio "rkln/Trsin can

be calculated from the experimental data and is
shown in fig. 3 where k n means the value for 5. Conclusions
(III)B off surface. The activation energy of
T8 I /Tsln was found as 5.3 ± 0.8 eV which contains A theory is developed to understand the growth
the desorption energy of In and the step incorpo- of III-V alloys taking account of the step kinetics
ration energy. Since T,1n depends on the structure in addition to the surface diffusion. MBE experi-
of the step. T' for the surface off to (I I I)A is ments have revealed that the solid composition of

no ncesail qul o ~n Ataly, ', s InGaAs and AIGaAs grown at higher temperature

found to he larger than Tk , qualitatively. shows a great contrast, in such a way that the
Since the reevaporation of Al can be neglected former depends very much on the degrees of the

for AlGaAs. we can get the composition of AI- off-angle and the off-axis; however, the latter does
GaAs like eq. (5) on analogy of tnGaAs. However, not depend on these conditions within an experi-
in the case of AIGaAs, the experimental results mental error. This clearly indicates that the step
show no dependence of Ga concentration on the kinetics plays an important role in the growth of
off-angle or on the crystal orientation. There are MBE. The different behavior in the solid composi-
two ways to explain these phenomena as follows: tion between InGaAs and AIGaAs has been ex-

(1) The number of steps on the surface may plained by using the present model.



T Suwuk,. T Nisinaga / Surface diffusion and aoni incorporation kinetics in UBE of InGaAs and AIlGaAs 177

Acknowledgements 12] K. Ohta, T. Kojima and T. Nakagawa, J. Crystal Growth
95 (1989) 71,

[3] W.K. Burton. N. Cabrera and F.C. Frank. Phil. Trans.
The present authors thank Dr. M. Tanaka, Ms. Roy. Soc. London A243 (1951) 299.

M. Washiyama and Mr. R. Sasagawa of the Uni- [41 T. Nishinaga and K.I. Cho, Japan. J. Appi. Phys. 27 (1988)

versity of Tokyo for their valuable help to carry L12.

out this work. This work was supported by the [51 T. Shitara and T. Nishinaga. Japan. J. Appl. Phys. 28

Grant-in-Aid No. 02352027 for Co-operative Re- (1989) 1212.

meca- 6] H. Hata. T. Isu. A. Watanabe and Y. Katavama. Appl.
search (B3) on "Studies on crystal growth meh- Phys. Letters 56 (1990) 2542.
nism in atomic scale", from the Ministry of Edu- [7[ P. 'Bennema and G.H. Gilmer, in: Crystal Growth: An

cation. Science and Culture. Introduction. Ed. P. Hartman (North-Holland. Amster-
dam. 1973) ch. 10.

[81 R. Heckinghottom. J. Vacuum Soi. Technol. B3 (1985) 572.

References [9] H. Seki and A. Koukitu. J. Crystal Growth 78 (1986) 342.

III ill. Nease. PiJ. Dobson. B.A. Jo.Nce and J. Zhang. App).
Ph's. Letter, 47 (1985) 100.



178 Journal of Crystal Growth 111 (1991) 178-183
North-Holland

Monte Carlo simulation of MBE growth of the 2 x 4 reconstructed
GaAs(001) surface

J.M. McCoy and P.A. Maksym
Department of Phvsics and Astrononm. UnwicersitY of Leicester. L'niversii " Road, Lewevter LEI 7RH. LK

A Monte Carlo model is used to simulate the MBE growth of the As-stabilized GaAs(0Ol)2x4 surface. Atomistic detail of the
bilayer growth cycle. derived from a proposed mtel of the growth. is incorporated in a phenomenological manner. Despite the large
size of the reconstructed unit cell, this approach is not significantly more computationally-demanding in the updating of rates than

simulations which neglect the reconstruction and the atomistic growth model details. Preliminary results indicate that the inclusion of
these additional ingredients in the simulation produces significant differences in the grown surface. Simulated grow th of the 2 x 4
sstem produces surfaces which reproduce features reported in STM studies of the real surface.

I. Introduction ploys a method of calculating the rates of surface
kinetic processes which avoids the computation-

Valuable information about the behavior of ally-intensive task of searching further out than
atoms at semiconductor crystal surfaces during second nearest neighbor sites, despite the large
MBE growth has been provided by a number of size of the reconstructed unit cell, We will first
Monte Carlo (MC) computer simulations (e.g.. present briefly the pertinent features of the pro-
refs. [1.21). Reconstruction of the surface has a posed growth model. An account of the computer
significant influence upon the kinetics of surface model and details of the way in which the growth
atoms and, consequently. upon the manner in model is formulated within a MC framework will
which the growth proceeds. However, reported then be given. Finally, results will be presented of
MC growth simulations which incorporate the ef- simulations of the initial stages of growth. Com-
fects ,f reconstruction in an explicitly atomistic parison will be made with simulations for which
fashion have been limited to systems having small the effects of reconstruction are absent and the
and relatively simple reconstructed surface unit simulated surface will be compared with reported
cells (e.g.. Si(001)2 x 1 [2.3]. GaAs(001)2 x 2 [4]). STM observations of the real surface.
In case of GaAs(O01)2 x 2. a significant increase
was found in the roughness of the growth front in
a simulation in which the effect of the surface 2. Proposed growth model
reconstrucion was included, compared with a
simulation which neglected the reconstruction [4]. The model of Farrell et al. describes the growth
MBE growth of the important As-stabilized sequence of a 2 x 4 unit cell in the As-stabilized
GaAs(001)2 x 4 system has so far not been simu- system from a flux of monatomic Ga and an
lated using a MC model and this is the purpose of excess flux of As.. both of which provide physi-
the present work. Our model is a MC implementa- sorbed diffusing species on the surface prior to
tion of the model proposed by Farrell et al. [5] chemisorption. The initial structure of the 2 x 4
which is based upon a consideration of steric and cell in the presence of an As flux but in the
electron-counting constraints imposed on the absence of a Ga flux prior to the start of growth
surface atoms during growth. The MC model em- comprises a three-quarter coverage of As in the

fX)22-024X/91/$03.50 , 1991 - Elsevier Science Publishers B.V. (Norih-Holland)
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form of As dimers in the "missing row" config- the total interaction energy, Eh or E, for diffu-
uration. This structure, predicted by a tight-bind- sion or evaporation respectively, is multiplied by a
ing total-energy calculation [6], and observed using phenomenological factor a (0 < a < 1) which de-
STM [7,8], consists of three aligned surface As pends upon both the local environment of the
dimers and one dimer vacancy per unit cell. atom and the current stage of growth in the unit
Growth begins when Ga atoms are introduced cell occupied by the atom. The factor a promotes
onto the surface and become a monatomic diffus- the correct manner of growth. The inclusion of
ing species. Space forbids a complete description this factor is one of the novel parts of the simula-
of the growth model here, but the model pos- tion and will be treated in greater depth below.
tulates the sequence of stable intermediate surface Explicitly, the rates for diffusion, h, and evapora-
atom configurations occurring during the bilayer tion, e, respectively, are given by the Arrhenius
growth cycle. starting from the "missing row" expressions
structure, with the same structure being recovered E
after the deposition of the bilayer. In between h = Rh exp - U e= R exp -- T-"
these stable intermediate structures, the surface is
expected to experience various short-lived, excited The interaction energies and the prefactor for
configurations. The growth model also explains diffusion rates are derived from the RHEED oscil-
how the c(2 x 8) reconstruction arises from the lation measurements of Neave et al. [11]. whilst
juxtaposition of two neighboring 2 X 4 units the parameters for evaporation are those used by
aligned along the [110] direction (the direction of Singh and Madhukar [10] (see also ref. [12]). The
their 4 x periodicity) but having an antiphase additional contribution to the energies in the rate
boundary in the [110] direction [7]. expressions if the atom is dimerized are in the

range 0.5-0.6 eV for both diffusion and evapora-
tion rates and for both As and Ga dimers. De-

3. The MC model tailed information on the accuracy of these values
is lacking, but they are satisfactory in reflecting

The C agorihm oveningthegrowh smu- the increase in stability caused by dimerization.

lation of the semiconductor surface is the fast te or im reritation evere alcu-
MBE rowh alorihm o Masym 9],exteded Rates for dimer reorientation events are calcu-

M4BE growth algorithm of Maksym [9]. extended

to incorporate surface dimerization, with dimer lated in a way similar to that in ref. [2]. These
events are important as they allow reordering inreorientation events ("dimer flips") [2] also in- inemdaesrcusdrngte rohad

cluded. The surface is represented by a square oi intain chrctes e reng egon sac
maintain coherence between neighboring surface

n x n sites with periodic boundary conditions. The thGa~stetahedal rystl sructre s exlictly unit cells. The flip rate is given by the Arrhenius
GaAs tetrahedral crystal structure is explicitly exrsin

accounted for, the current structure (including the expression.

reconstruction) being mapped into an integer f= R, exp( -EIikT). (2)
array. Other ingredients of the model are closely
based upon reported work also. The As is assumed Ef is given by Ef = Ed - mE,. where L, is a
to arrive as diatomic As, from a physisorbed constant activation energy and mE ,s a term
reservoir and to dissociate on any pair of second describing the influence on the flip rate of the
neighbor sites which each have a Ga first neighbor configuration of first nearest neighbor dimers in
[9,10]. Diffusion and evaporation events of single the same layer and of the same atom type. E,, is a
atoms have rates calculated from interaction en- constant and m is an integer having a value in the
ergies derived from the number and atom kind of range 0-4. depending on th e presence and orienta-
all first and second nearest neighbor atoms sur- tion of adjacent dimer-. The main result of this
rounding the atom. There is an additional energy formulation is that d(mers tend to arrange them-
term present. representing the additional binding, selves in rows rather than in any other configura-
if the given atom is one of a dimer pair. Finally, tion [2]. We use the values R, = 1012 s -', Ed = 1.9
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eV and Em = 0.2 eV for both As and Ga dimers. cycle is a = 0.7, whilst, for a Ga atom between the
Again. accurate values for these parameters are As dimer rows. a = 0.5. This ensures that, in the
difficult to estimate [3], but these values are close former case, Ga atoms are fairly mobile before
to those used in Si(001)2 x I simulations [2,3] and they eventually stabilize as dimers with other Ga
they are sufficiently accurate to produce satisfac- atoms upon the As dimers, whilst in the latter
tory dimer reorientation behavior during the case, the Ga atoms are more mobile, rarely stabi-
simulated growth. lizing as Ga dimers at all. This produces the kind

The value of a used for a given diffusion or of structure predicted in ref. [5], the growth at this
evaporation rate at a given stage of the growth is stage of the cycle being limited to sites above the
the key to ensuring that growth follows, at least in initial As dimers. At later stages the value of a
an approximate manner, the proposed growth changes to allow the growth to proceed on the
model. Indeed, the use of the phenomenological remaining sites, in accordance with the growth
factor, a. avoids the necessity of having to update model. This procedure in only capable of provid-
diffusion and evaporation rates by searching sites ing an approximate description, since the relevant
further out than second nearest neighbors. despite values of a are subject to some uncertainty.
the large size of the reconstructed unit cell. Hence, Finally, a further feature of the model is the
the procedure is of comparable computational inclusion of a simultaneous As/Ga dimer chem-
speed to reported simulations employing site isorption event to describe the two instances dur-
searches out to second nearest neighbor displace- ing the growth cycle which involve the coupled
ments (e.g., refs. [1,2,9]). chemisorption of both a Ga and an As dimer (see

In detail, the procedure to update diffusion and ref. [51). The model approximates such chemisorp-
evaporation rates involves, at a given stage of the tions as being exactly simultaneous. These events
growth. determining the position of the atom occur whenever two Ga atoms dimerize on the
within the 2 X 4 unit cell, calculating the interac- correct two sites at the two correct stages of the
tion energy by searching out to second nearest growth cycle, the As dimer being inserted as part
neighbor sites and then multiplying by the factor of the same event. A simplifying assumption is
a to promote (low a) or suppress (high a) a given that the As dimer is always added at the same
type of event. The relevant value of a varies in location within a unit cell. In the real system the
accordance with the location of the atom and the situation is more complex as, most generally. there
current stage of growth within the growth cycle, is a number of sites available for the addition of
The growth stage attained in a given unit cell is the As dimer.
maintained by the value of a flag in each unit cell.
Typical values of a are a = I if an atom is located
at a stable site at the current stage of the growth 4. Results
cycle and a = 0.2-0.3 if an atom is resident at an
unstable site, with intermediate values also used. We present results of the initial stages of growth.
The effect of this is that atoms at unstable sites, as Fig. I shows a representation of a typical sequence
given by the proposed growth model, rapidly dif- describing the growth of the first bilayer. The
fuse to another site or (more rarely) evaporate, intermediate stable surface configurations in this
whilst atoms occupying stable sites remain in place simulated sequence correspond well to those pro-
and may be considered as being chemisorbed. This posed in ref. [5]. For clarity a 8 x 8 site subregion
provides a close correspondence to the behavior of of a simulation run on a system size of 60 x 60
the real system, the physical relevance of a being sites at a temperature of 875 K is shown. Fig. la
to reflect the degree of stability in an atom's (t = 0.100 s) shows the surface at approaching the
occupation of a given site at a given stage of the completion of the first stage of the cycle which
growth cycle. For example, the value of a for an involves, on average, the chemisorption of one Ga
undimerized Ga atom located on one of the three dimer upon each triplet of As dimers [5]. Also
As dimers at the very beginning of the growth displayed is one example of the first type of
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simultaneous As/Ga dimer chemisorption event of this structure will be discussed later, but it is
arising from the formation of a Ga dimer between clear that a high degree of layer-by-layer growth is
two others located upon the initial As dimer tri- occurring.
plets and which produces the simultaneous chem- The high quality of the grown surface in fig. I
isorption of an As dimer in the "missing row". In is a consequence of the incorporated details of the
fig. lb (t = 0.295 s) the Ga coverage has increased, growth model. According to the growth model, the
and sufficient simultaneous As/Ga chemisorp- uppermost As layer cannot form beyond one-
tions have occurred to fill the "missing rows" with quarter coverage until the complete Ga layer has
As. The initial stages of growth of the uppermost been chemisorbed and this mechanism is responsi-
layer are also evident. The undimerized As atoms ble for the extremely high degree of layer-by-layer
are highly mobile but attain more stability by growth. This contrasts with simulations not incor-
dimerizing. In fig. Ic (t = 0.360 s) the Ga layer is porating the reconstruction and which omit such
approaching completion and for those cells in atomistic detail of the growth model (the model
which the Ga layer is already complete, the upper- reported in [9]),these simulations producing a
most As layer is rapidly increasing in coverage, rougher surface and a lower degree of layer-by-
The structure at approaching the completion of layer growth. Fig. 2 shows a comparison of a
the bilayer is shown in fig. Id (t = 0.565 s). Details simulation not incorporating the reconstruction

a b

-r __..' L - - L

~M.

C a

Fig. 1. Simulated growth sequence based on the Farrell et al. growth model. Displayed is a subregion of the surface at the times (a)

0.100 s. (b) 0.295 s. (c) 0.360 s and (d) 0.565 s. Key: Ga atoms are shown in white and As atoms in black.
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18 different random number sets at the temperature
875 K. During this simulated stage of growth the

14- degree of layer-by-layer growth is clearly signifi-
0 o. cantly greater for the reconstructed model relative

) 10- o•.to that for the unreconstructed model. The reason
) 10 ""is that, in the reconstructed model, growth is

- o almost exclusively limited to the first bilayer, whilst
X 06- a o in the unreconstructed model, no growth con-

u unreconstructed

reconstructed straints prevent growth from progressing on layers
0.2 2 above the first bilayer. This means that at the time

00 0-2 0.4 0-6 0.8 10
Mean tGa ML /GaML nearly every chemisorbed Ga atom in the

reconstructed model resides in one nearly-com-
12- .plete monolayer, whilst in the unreconstructed

model the same Ga atoms are, most generally,
1.0 distributed over more than one monolayer. Simi-)-

• o8olarly, significant differences are evident in the rms
E surface roughness, R m, between the two models.

C0 . o R,. is as defined in [2] and is expressed in units
I o. b of ML. Rrms data are plotted in fig. 2b and are
0/. • unreconstructed taken from the same five simulations as in fig. 2a.

o reconstructed Indeed for t > tGaML and with the Ga flux main-

00 0.2 '0. 0.6 0-8 1.0 tained, for the reconstructed model the rms rough-
Mean tGOML ness oscillates, whilst for the unreconstructed

Fig. 2. Comparison of simulations incorporating both the 2 x 4 model this quantity monotonically increases. Fur-
reconstruction and the atomistic details of the Farrell et al. thermore. for this latter case, our simulations have
growth model with simulations omitting both of these features, shown that R rms continues monotonically increas-
In (a) is plotted S. an index of layer-by-layer growth, and in
(b) the rms surface roughness. R,_,. Times are normalized to ing beyond 1

GaML. These results are further ex-
tGaML (see text). plained by our observation that, in the case of the

reconstructed surface, Ga atoms arriving on top of
the As atoms in the uppermost layer when the

and the atomistic growth model details [9] and a underlying Ga layer is not yet complete very rarely
simulation incorporating both of these features. stabilize as dimers with neighboring Ga atoms
Apart from those rate parameters relevant to re- whilst the lower Ga layer remains incomplete.
construction phenomena, all other rate parameters Such Ga adatoms tend to diffuse to fill holes.
are identical between the two models. Fig. 2a is a whilst they exist, rather than initiate a new layer,
plot of the quantity S which is a measure of and the uppermost As layer rapidly reaches its full
layer-by-layer growth defined in [91. Ideal layer- three-quarter coverage before the second Ga layer
by-layer growth is characterized by S oscillating is initiated. This is the reason why for t > 1GaML

between the values 2 and 0. The I= 0 value is, such a high degree of layer-by-layer growth is
however, 1.75, corresponding to the initial three- evident in the simulation in fig. 1. In summary,
quarter coverage of As upon one complete layer of the additional features of the growth model which
Ga. For comparison the times are normalized to have been incorporated, which are in essence the
tOWML which is the earliest time at which sufficient inclusion of details of the order in which stable
deposited Ga atoms are present on the surface to chemisorption sites become available during the
form 1 ML. (toML = 0.32 s for the unrecon- growth cycle, have a significant effect upon the
structed model and t G.ML = 0.49 s for the recon- manner of growth and the quality of the surface.
structed case.) The plotted data are average of five Since such details are important we suggest that
simulations on system sizes of 60 x 60 sites, using simulations not considering such features are ne-
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we find examples of unit cells having less than
three dimers. However, the perfect "missing row"
structure is a consequence of the model formula-
tion and such a degree of ordering is rarely found
in the real system.

5. Concluding remarks

-.- The gross features of MBE growth of the As-
. stabilized GaAs(001)2 X 4 surface have been

simulated using a MC model. Significant dif-
ferences in growth occur when the 2 x 4 recon-
struction is included. The simulated surface repro-

-. * * z.. duces certain features on the real surface as re-
vealed by STM studies.
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Control of initial surface configuration for GaAs-on-Si MBE
using a Si buffer layer?

G.E. Crook, L. Tapfer, L. Daweritz *, R. Cingolani and K. Ploog
Max-Planck-Jnstitut fuir Festkorperforschung, Heisenbergstrasse 1. W- 7000 Stuttgart 80 Germany

Gallium arsenide layers were grown by molecular beam epitaxy on (100) Si substrates misoriented by 1.70 and 40 toward 10111.
with a thin Si buffer layer deposited before GaAs growth for some samples. Reflection high energy electron diffraction observations
showed that the substrates misoriented by 1.7 * had mostly single-layer steps, while those misoriented by 40 had mostly double-layer
steps, regardless of the conditions for the Si buffer layer growth. For 3 um thick GaAs layers, the measured full widths at
half-maximum of the GaAs (400) X-ray reflection ranged from 680 to 870 Arad (about 140 to 180 arc sec). with linewidths about 15%
lower for the layers grown on the 40 misoriented substrates. Photoluminescence spectra for the GaAs layers were dominated by
carbon-related luminescence, possibly caused by contamination during in situ annealing cycles. However. a GaAs/AAs superlattice
grown on a GaAs-on-Si buffer layer exhibited a single luminescence peak with a linewidth of 8 meV.

1. Introduction larger misorientations toward 011) (40 or more).
while surfaces with smaller misorientations (2' or

Vicinal Si(100) surfaces have been very im- less) generally have single-layer steps. Recently it
portant in molecular beam epitaxy (MBE) of GaAs hag been reported that Si growth on vicinal Si
on silicon substrates. For example, growth on Si surfaces can produce double-layer steps on
substrates misoriented toward a <011) direction surfaces which normally have single-layer steps
results in GaAs without antiphase domains [1,2]. [6-8], and single-layer steps on surfaces normally
For some time it was thought that substrates with having double-layer steps [61. We will investigate
single-domain surfaces (having steps an even num- the use of a resistively heated Si source in the
ber of atomic layers high) were required for this MBE growth chamber to alter the step configura-
antiphase domain suppression. However, GaAs tion on vici.sal substrates, and then examine GaAs
grown on double-domain (having domains with layers grown on these substrates by double-crystal
both (2 x 1) and (1 x 2) reconstruction) vicinal Si X-ray diffraction and photoluminescence.
substrates also shows no evidence of antiphase
domains when examined using reflection high-en-
ergy electron diffraction (RHEED) [3,4]. In this
work we examine the effect of Si substrates with 2.Expermental procedure
single-laye, and double-layer steps on the struct-
ural and optical properties of GaAs-on-Si layers. The MBE system used has a RIBER 2300 MBE

There has been a great deal of interest in the growth chamber, with a standard 3-inch RIBER
nature of steps on vicinal Si(100) surfaces [5]. substrate manipulator, and custom-built prepara-
Double-layer steps are observed for surfaces with tion and load-lock chambers. The substrate heaters

in the preparation chamber can reach about
1100°C. with uniform heating across a 2-inch
wafer mounted in an indium-free holder (radiative

* On leave from Zentralinstitut Mr Elektronenphysik. 0-1086 heating). A Si effusion cell which sublimes high-
Berlin, Germany. purity Si by passing current through it [9] is used

0022-0248/91/$03.50 r, 1991 - Elsevier Science Publishers B.V. (North-Holland)
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in the growth chamber to grow Si at a rate of thickness) three cyclic thermal anneals were per-
about 0.1 nm/min. formed under As4 flux. In each cycle, the sub-

The substrates used were Si(100) with misorien- strate temperature was raised to 650 °C for 5 min.

tations of 1.70 and 40 toward [011]. Quarters of lowered to 300'C for 5 min, and raised again to
2-inch wafers were put into concentrated HSO4  600 "C. A cycle took about 35 ain, and 20 nm of
with ultrasonic agitation for 10 rin (to help re- GaAs was grown at the end of each cycle to
duce particulate contamination [10]). rinsed in DI provide a fresh GaAs surface. We have found that
water, and blown dry with N, before mounting in this thermal cycling treatment significantly im-
In-free holders and loading into the MBE ma- proves the X-ray diffraction linewidths of our
chine. After outgassing in the loadlock chamber, GaAs-on-Si layers [12]. Another I Am GaAs was
the substrates were thermally cleaned in the pre- then grown at 6000C with a growth rate of I
paration chamber by heating to 850'C and then pm/h, and the layer was again thermally cycled
raising the temperature by about 100 C/s until the three times. Finally, 1 Am more of GaAs was
chamber pressure reached 10' Torr. at which grown (600'C. I pm/h) with no further thermal
time the temperature was brought to 850°C again, treatment, so that the final layer thickness was 3
The substrates were typically flashed 4 to 8 times Am. In one of the samples. a 1 Am thick
to temperatures of 1000-1050'C (as read by a GaAs/AlAs superlattice was grown instead of the
thermocouple behind the substrate). final 1 pm of GaAs.

Silicon was grown at a rate of about 0.1 nm/min
at substrate temperatures between 400 and 8000 C
(measured with a thermocouple calibrated using 3. Results
GaAs and Si oxide desorption temperatures). For
examination of the Si growth using RHEED. 3.1. Si buffer layer growth
successive Si lavers about I nm thick were grown
on a given substrate. After growth at one substrate Although control of the step configuration on
temperature. the substrate was moved to the pre- vicinal Si substrates by growing Si under ap-
paration chamber for high-temperature flash an- propriate conditions has been reported by other
nealing (as described above) in order to provide a authors as described above, we were unable to
mooth surface for growth at the next substrate reproduce these results in our experiments. Typi-

temperature. The RHEED results are described in cal RHEED patterns taken with thv election beam
the next section. For the samples which had GaAs directed along the step edges of substrates misori-
grown on a Si buffer laver, one Si laver about 1.5 ented by 40 and 1.70 toward [011] are shown in
nm thick was grown at 450'C. This laver was fig. 1. The weakened 1/2 order streaks and the
then flash-annealed in the preparation chamber spacing of the splitting in the major streaks (de-
before GaAs growth. noted by arrows) of the pattern from the 40

For GaAs growth. substrates were brought to substrate indicate a mostly single-domain surface
300'C in the growth chamber before heating the with regularly spaced double-laver steps [5]. The

As 4 source. The first 0.1 pm was then grown using pattern from the 1.70 substrate has strong 1/2
the "'migration-enhanced epitaxy" (MEE) method order spots, indicating a double-domain surface.
[11]. with one monolaver of GaAs deposited per The apparent splitting in the 00 streak of fig. lb.
cycle (cycle: I s Ga. 1 s interrupt. 1 s As, I s though not well resolved, has a spacing consistent
interrupt). After annealing this layer at 600 0 C for with that expected for an array of double-layer
15 min under As4 flux. the next 0.4 pm was grown steps at this misorientation. The double-domain
by MBE with a substrate temperature of 50 0 C surface may therefore arise from single-layer is-
and a vi'owth rate of 0.5 pum/h. This layer was lands with double-layer steps rather than regular
annealed at 650'C for 15 min, and the next 0.5 single-layer steps. Silicon growth on the substrates
pm was grown at 600'C with a growth rate of I appeared to roughen the surfaces, and did not
pm/h. At this point in the growth (1 pm total result in RHEED patterns indicating predomi-
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samples with Si buffer layers, the substrates wcre
moved to the preparation chamber for an ad-
ditional flash annealing treatment to remove any
contamination associated with the Si growth.

3.2. GaAs layers

The GaAs layers grown on both substrate miso-
rientations, with or without 1.5nm-thick Si buffer
layers, all had (2 x 4) reconstructions which ap-
peared during the anneal of the initial 0.1 ptm
thick layer. The "4 x " pattern was seen with the
electron beam parallel to the step eL, .s. and there
was no indication in the RHEED patterns of
antiphase domains. Double-crystal X-ra, diffrac-
tion measurements of the (400) and (511) reflec-
tions for four GaAs-on-Si layers are summarized
in table 1. Measurements were made with the
X-ray beam directed along each of the four (011>
directions: the average of the two measurements
made with the beam parallel to the step edges and
the two with the beam perpendicular to the step
edges is recorded for each sample. The misorienta-
tion between the GaAs laxer and the Si substrate
was calculated from the variation in the angle

Fig. 1. RHEED patterns from Si(100) after flash annealing, between the GaAs and Si peaks [13]. For both
ohered with the 20 keV electron beam directed parallel to the
step edges of substrates misoriented by (a) 4' and (b) 1.7' substrate misorientatons. the tilt of he GaAs
tossard 011]. Step-induced splitting of RHEED streaks is lattice planes with respect to those of the Si sub-
.howkn by arrowNs. (Magnification is not the same in (a) and strate v as such that the GaAs [1001 direction lay

between the surface nocmal and the Si [100] direc-

tion, as has hKen seen before for misorientations
nantl, single-layer steps on the 4' surfaces or larger than 10 [13.14].
douhle-laver steps on the 1.7' surfaces. We be- The broadening of the (511) linewidths with
lieve that the most likely explanation for this respect to the (400) linewidths is primarily caused
inconsistency with the results of other authors is by dispersion arising from the use of different
contamination from As around the Si source in reflections in the monochromator crvstal and the
the growth chamber. Before growing GaAs on sample (the (400) reflection from a Ge ,rvstal is

[able I
X-ray diffraction results on 3 pm thick (aAs lasers

Substrate Si buffer'? Misorientation (jaAs IFWIIM ( rad)
nsiirientation j 1.5 nm thick) between (aAs (400) reflection (511) reflection

- (M II (deg) and Si (deg)
!I h, step, L tii slep, tIIo steps L to step,

1.7 No 0.06) 70 9l0 940) 850

1.7 Yes 0.074 96) 840 IN))) 89)
4 No 0. 158 72) 690 77) 77)
4 Yes 0.156 73)) 680 79) 730
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used for the monochromator). It can be seen from grown instead of the top I ptm of GaAs. This
the table that for both reflections, the FWHM for structure exhibited intense luminescence from the
the layers grown on substrates misoriented by 4' superlattice layer. The arrow indicates the wave-
are about 15% smaller than for the layers grown length of the fundamental interband electron-to-
on the 1.70 misoriented substrates. The presence heavy-hole transition calculated for 5 nm wells
or absence of the Si buffer layer did not appear to and 5 nm barriers with the usual Kronig-Penney
affect the X-ray results. The linewidths measured model. The calculation neglected strain effects and
with the X-ray beam perpendicular to the step used a 65 :35 band offset ratio. The 8 meV line-
edges Aere always less than or equal to those width is similar to those previously reported for
measured with the beam parallel to the step edges. GaAs/AIGaAs quantum wells on silicon [15.16].
This could be indicative of an anisotropy for In contrast to the spectra from the GaAs layers.
defects in the layers, and will be studied further. the spectrum from the superlattice sample does

A typical 5 K photoluminescence (PL) spec- not contain strong impurity-related luminescence.
trurn for the GaAs-on-Si layers is shown in the This suggests that any impurities which were in-
inset of fig. 2. The spectra are dominated by corporated into the GaAs buffer layer did not
impurity-related transitions at the characteristic diffuse very far into the superlattice layer.
energy for carbon acceptors. The carbon was pre-
sumably incorporated during the long interrupts
for thermal cycling. and possibly during the initial 4. Conclusions
MEL growth. The spectra were similar for the
GaAs layers grown on both substrate misorienta-
Lions. with and without a Si buffer layer. The main X-ray diffraction linewidths for GaAs laers
part of fig. 2 shows the PL spectrum for a sample grown by MBE on vicinal Si(100) were found to
pth of fg 2 the PL~s spectumfr a samle be about 15% lower for layers grown on substrates
weih adI,~ mhicklh5 GaAs .0 nuratice A ) misoriented by 4' toward [1101 than for layers on

substrates with a 1.70 misorientation. suggesting

that single-domain Si surfaces indeed result in
better GaAs-on-Si layers. The PL spectra for the

5K - GaAs bUt- 5K GaAs layers were qualitatively the same for the
c E Kdifferent substrates, but the large extrinsic

luminescence could be masking any differences.
2 .Finally, the in situ thermal cycling which leads to

_ improvement of the X-ray linewidths (reflecting
C reduced dislocation densities) is probably the rca-
a_ C son for the strong impurity,-related PL transitions
C

S810 83 850 in the GaAs-on-Si lavers. Faster thermal cyclingco wavelength (nm)
U and/or growing during the cycling may be a way,

8meV to mitigate this impurity incorporation while re-
at taining good structural properties.
C
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Gallium desorption from (A1,Ga)As grown by molecular beam epitaxy
at high temperatures

A.H. Kean. C.R. Stanley. M.C. Holland
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J.L. Martin and J.N. Chapman
Departmtent of Pti.scs and A vtronoiy. (i )n'erstv f Glasgow. Glasgow G12 SQQ. U K

'e report on a detailed stud, h, cross-sectional transmission electron microscopl\ IXTEM) of gallium desorption from (AlGa()A
structures aros n by molecular beam epitax, (IBE) at substrate temperature. in the range 680-730 ' C. The (ja desorption rate ( D, )
depend,, onl on subtrate temperature, with an activation energy, E, for re-evaporation of 2.56 eV. comparable to E, for Ga
evaporation from liquid gallium. The presence of aluminium has no measurable influence on D, except where the desorhing gallium
flux exceeds the incident flux ( D, >> G, ). when a few monolayers of residual GaAs can be detected on an AlAs surface. No As,
irerpressure dependence has been observed. In practice. therefore. multilayer structures of (AI.Ga)As with controlled thicknesses and
compositions can be gr(,,An with As, in the temperature regime investigated b% making a constant allowance for Dr. irrespective of
the compositional fraction of the (AlGa)As.

I. Introduction However, there is still considerable controversy
over the desorption behaviour of the more volatile

It has been shown [1] that higher substrate group III element in the MBE growth of ternary
temperatures. T, than normall, used during the alloys such as (AlGa)As and (Ga.ln)As. and the
molecular beam epitaxial (MBE) growth of GaAs influence exerted by the less volatile species. Con-
are required to produce optical and laser devices flicting evidence has been published on whether
in the (AI.Ga)As materials system. The low tern- the process of gallium desorption from an
perature photoluminescence recombination ef- (AI.Ga)As surface at high temperatures (= 700 C)
ficiency and associated linewidth of thick is dependent on the Al molar fraction [3-5] and/or
AI,Ga, ,As layers (x <0.37) improve and laser the proximity of the GaAs to an underlying
threshold current densities decrease as T, is in- (AI.Ga)As interface [6].
creased, particularly for growth with a (3 x I)- This paper examines by two different methods
(100) surface reconstruction. The improvement in the process of gallium desorption from (AIGa)As
optical quality results from the decreased prob- structures containing quantum wells (QWs) grown
ability of the formation of non-radiative recombi- under different conditions. In the first series of
nation centres. In practice, a temperature in excess experiments. (AI.Ga)As nett growth rates were
of 6800C is required to avoid the window of measured by reflection high energy electron dif-
temperature between = 630 and 680°C where the fraction (RHEED) oscillations for T, - 580-
morphology of the (AI.Ga)As grown with As4 is 720'C. Secondly, RHEED oscillations were used
extremely poor [2]. Above = 660' C, desorption to set up low temperature growth rates where
of gallium from the epilayer becomes significant. gallium desorption does not occur. These growth
and the control of layer thicknesses and composi- rates were then used to grow structures at high T
tions to the desired accuracies becomes difficult, where gallium desorption is significant. but with

(X22-024N/91/$(13.5 , 1991 - Elsevier Science Publishers B.V. (North-Holland)
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growth times set on the assumption of no desorp- 1.4

tion. The resulting layer thicknesses in the struc- -__

tures were then examined by cross-sectional trans- 1.2

mission electron microscopy (XTEM). "
41.0o

E

2. Experimental procedures 0 - Gr AGaAs o

The layers were grown in a standard 3-chamber 0.6 - o

Varian Modular Gen II MBE machine equipped 2_

with solid-source effusion furnaces. Note that 0.4

growth was carried out using arsenic tetramers.
As,, with a flux of =- I X 1015 As atoms/cm-" _S 0.21

A s580 600 620 640 660 680 700 720

and a growth rate of = I pm/h. This arsenic flux Wafer Temperature (OC)
is 2-3 times higher than the flux used for GaAs Fig. 1. Growth rates for GaAs. AlAs, and AI,Ga1  As(x= 0.3
growth. Two-inch diameter (100) GaAs wafers for T, _650

0
C) as a function of wafer temperature. de-

were cleaned by a standard method employing termined from RHEED intensity oscillatiom.

sulphuric acid and a de-ionised water rinse, and a
protective surface oxide was formed by heating in
air at = 250'C for 5 min [7]. The wafers were (AI.Ga)As growth rates decrease as T, is raised
mounted on indium-free wafer holders and de- above = 660'C. while the AlAs growth rate re-
oxidised in the intermediate chamber at a real mains constant. Above 7000C, the gradient of the
temperature of 580'C for 10 min without an As curves increases rapidly indicating that control of
overpressure. When transferred to the growth the growth rate at these temperatures becomes
chamber, the GaAs surface exhibited well defined extremely difficult. It is more revealing, however,
reconstruction when examined by 15 keV RHEED. to display the data as a reduction in nett Gr versus
A small 5 mm2 calibration sample was mounted T as shown in fig. 2. which in the absence of
with indium at the centre of a molybdenum plat- Al loss is just Ga desorption or re-evaporation.
ten. An initial wafer temperature was determined
by measuring T,, the temperature at which the
RHEED pattern changed from a c(4 X 4) As-rich 0.5

to a (2 x 4) As-stable surface, which could be
090established to ! 5'C. Note, however, that 7t is a 0.4 Los 0

function of the As 4 overpressure. T was also * Loss from AIGaAs---_

measured with an infrared optical pyrometer (Tp). I ._

The growth rates of (AI.Ga)As. GaAs and AlAs 0.3 -. ___

were measured using RHEED intensity oscilla- -+.

tions of the specularly reflected spot, which was _ 0K. .
difficult at high substrate temperatures when the
diffraction pattern became diffuse. <

10 0.1

3. Results and discussion 0. I I S
580 600 620 640 660 680 700 720

RHEED measurements. Fig. I shows the growth Wafer temperature (o0)
rates of AlGa, - ,As (x = 0.3 at low T,), GaAs Fig. 2. Reduction in nett growth rate of GaAs and (AIGa)As

and AlAs as a function of substrate temperature (defined as G,(T, < 650 0 C)-(;,(T)) as a function of wafer

between 580 and 7200C. Both the GaAs and temperature.
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D,(T) (monolayers per second (ML/s)= pm/h). 200 1 1

The curves for Dr(T) from GaAs and from SlopP yields desorltion rate
Al ,Ga1 -As are indistinguishable indicating that of =0 32Mes

within the errors of this experiment the presence 150
of aluminium has no influence on Ga desorption.

XTEM. Several structures were grown for
XTEM studies to measure GaAs layer thicknesses .Vo

over a range of substrate temperatures after the 100 r

fluxes had initially been set up using RHEED
intensity oscillations at low 7 from the calibra-

CO
tion wafer. The first experiment was designed to ( 50

determine the variation of Dr with 7s, layer thick-
ness and aluminium content. Sample No. A164
consisted of seven sets of 100 and 200 A GaAs 0
wells grown at T from T, + 180°C (1p = 640C) 0 50 100 150 200 250 300
to T + 260 0 C (Tp = 710 0 C). followed by six Intended Thickness (A)
GaAs wells with intended thicknesses of 50-250 A Fig. 3. Plot of thickness of quantum well measured b

grown on 400 A thick Al014Ga,,As barrier layers XTEM versus intended thickness for a wafer temperature of

at T + 240 0 C (Tp = 700 0 C), where gallium de- = 700'C. The loss. or desorption rate, of Ga from GaAs is

sorption is significant. Finally, 100 and 200 A -0.32 ML/s.

GaAs wells were grown on AlGa, ,As layers
with x = 0.2. 0.4 and 0.6. The resultant GaAs well
thicknesses viiere found to decrease as T, in- T, = T, + 2600C. The important observation here

creased, indicating a desorption rate up to 0.53 is that between individual experiments, there was

monolayers per second (ML/s) at a growth tern- a variation in the measured values of Dr for the

perature of T + 260°C (T, = 710'C). The re- same notional wafer temperature. This serves to

duced thicknesses of the (AI.Ga)As barrier layers emphasise that the sensitivity of Dr to T, makes

could be accounted for solely on the basis of Ga direct comparison between experiments difficult

desorbing at the same rate as from GaAs. No so that as much information as possible should be

dependence of D, on the molar fraction x = 0.2, contained in a single. but complex structure.

0.4 and 0.6 has been observed. The measured
thickness versus intended thickness for the 50-250
A wells is plotted in fig. 3. The linear dependence Slope gives acvatwoo enefg. or re-evapto at,on

Ea=2 56eV te evaporation ol Ga from Iiquld Ga
indicates that D, is constant at 0.32 ML/s. and is
not influenced to any significant extent by the "
thickness of the GaAs overlaying the (AIGa)As
surface, in contrast to the result of Ralston et al. K
[61. Fig. 4 is a plot of the logarithm of gallium loss 0
rate versus l/T measured from the group of 100 E

and 200 A thick QW grown at T + 180 - 260'C O -2 ----. --

(TP=640-710'C). The gradient of the plot "2

yields the enthalpy for re-evaporation. = 2.56 eV,

close to the enthalpy of gallium evaporation from
liquid gallium [8]. In a separate experiment, No. -3

A195 was grown which included five sets of QWs 0.00100 0.00102 0.00104 0.00106

varying from 25 to 300 A in thickness grown at 1/Substrate Temperature (K-1)
temperatures again ranging from T + 180 - Fig. 4. Plot of ln(Ga loss) versus l/T. The activation energN

260" C. Dr was calculated to be 0.26 ML/s for for the Ga re-evaporation is - 2.56 eV.
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Fig. 5. XTEM micrograph of a section of No. A257 showing residual GaAs layers (darker bands), highlighted by the arrows.
embedded on AlAs (lighter bands) when grown under conditions where Dr >> G,.

The effect of As4 overpressure on D, was ex- should be detected by XTEM. As T is increased.
amined by growing a set of GaAs wells at T, + the measured thicknesses of the layers do decrease
2400 C and then repeating the experiments with a as expected. but significantly, at the highest tem-
501 increase in the As4 flux. There was no ap- perature T + 275 0 C (T - 725 0 C) and at the
parent difference in the measured Dr between the lowest growth rate of 0.1 ML/s where Dr >> Gr.
two sets of data, although if the As4 overpressure there is evidence for one or two residual mono-
is increased by at least an order of magnitude then layers of GaAs on the AlAs barriers. This is
the desorption of gallium might be suppressed [5]. illustrated in the XTEM micrograpn, fig. 5. where

Finally. the growth of extremely thin wells at three sets of four thin GaAs wells can be seen
high temperatures has been examined where Dr > (darker lines). The set identified by the white
G, (the growth rate). Sample No. A257 contained arrows was grown with Dr >> G,. The four wells
twelve sets of four GaAs wells with 200 A AlAs appear to be the same thickness although absolute
barriers. The thicknesses of the single wells were 2, dimensions are difficult to measure because the
4. 8 and 16 ML. Each set was grown at three resolution of the XTEM technique used here is
different growth rates (1.0, 0.5 and 0.1 ML/s) and around 7 A. The presence of residual GaAs im-
repeated at four different substrate temperatures; plies that Dr is severely retarded for the first
T, + 130 0 C (TP = 610 0 C). where Dr << Gr, provid- monolayers of deposition, an effect observed by
ing a calibration of layer thicknesses. T + 225'C Ohta and co-workers [9.10] using RHEED sub-
and T, + 2500C where Dr is significant and T, + limation oscillations.
275°C (7 -725°C) where D, >> G. As T is
increased, the measured thicknesses of the QWs
should decrease to zero according to the relation- 4. Conclusions
ship d= (Gr - Dr)f as Dr approaches Gr.where d
is the thickness of the measured layer and t is the The gallium desorption rate from GaAs or
time taken to grow that particular layer. There- AI,Ga, ,As (0 < x f 1.0) is dependent only on
after, there will be no nett growth and no QWs the substrate temperature except for an initial few
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Atomic layer molecular beam epitaxy (ALMBE):
growth kinetics and applications

F. Briones and A. Ruiz
Centro Nacional de Microelectrnica, CSIC. Calle Serrano 144, 28006 Madrid. Spain

MBE basic growth mechanisms for Ill-V compounds on (100) surfaces, step flow and 2D nucleation. are shown to be modified
by a periodic modulation of the molecular beams in synchronism with the layer-by-layer growth sequence characteristic of optimized
MBE. Beam modulation is shown to enhance nucleation on completed monolayers, leading to a better 2D or layer-by-layer growth

(NEMBE). The possibility of growing in a kind of atomic layer-by-layer mode (ALMBE) is studied by optical (RDS) and RHEED
in-situ analysis. Applications to the growth of III-VA-V 8 pseudoalloys and lItXVB-liicVI) superlattices and heterostructures are
presented. Finally. exploratory growth experiments on low index surfaces (311). (211 )A. (211 )B. (111) and (110) by using modulated
beams are discussed.

I. Remarks on MBE kinetics island surpasses this range or when steps are an-
nihilated by 2D island coalescence. Ga oversatura-

The extraordinary ability of MBE to fabricate tion will increase up to a point in which 2D
nearly perfect surfaces and interfaces of III-V nucleation will be statistically possible and growth
semiconductors arises from the peculiar growth of a new monolayer will proceed by flow of is-
kinetics of the commonly used (100) surface. In lands steps [4].
particular. the layer-by-layer growth mechanism Studies of RHEED intensity oscillations have
originates from the existence of a kinetic barrier been very helpful to modellize this process and to
for the nucleation of a new monolayer on a flat. determine migration parameters [4.5]. The time
defect-free surface such as the As stabilized. 2 X 4 and local random character of the 2D nucleation
reconstructed GaAs surface. The first kinetic ob- events are responsible for the observed RHEED
stacle is that sufficient Ga oversaturation must be oscillation damping and the evolution of the
achieved on the growing surface in order to allow growth front into a multilevel one [6]. The scarcity
some probability for the coincidence of two of nucleation events is responsible for the large
migrating Ga atoms and to incorporate simulta- islands size and growth front flatness under opti-
neously as a Ga-Ga dimer by bridging two As-As mized MBE conditions (high T,. minimum group
dimers [1]. A second requirement is the catalytic V flux to stabilize. 2 x 4 surface, large migration
dissociation of an As 4 molecule on two of such range).
Ga-Ga dimers to form the first stable GaAs
nucleus 121. This complicated process establishes
an effective kinetic barrier for 2D nucleation as
compared with the much more straightforward 2. Nucleation er hanced MBE (NEMBE)

incorporation of migrating species at monolayer
height steps [3]. Some years ago [6] we found that, by interrupt-

The stcp flow growth mechanism will. there- ing the As 4 beam for a short time during sta-
fore, predominate as long as terrace or islands tionary MBE growth, damped out RHEED oscil-
sizes will not exceed the migration range of the lations would recover. Moreover, by repeating the
impinging species. When the size of a growing brief interruption periodically, in synchronism

0022-0248/91/$03.50 C 1991 - Elsevier Science Publishers B.V. (North-Holland)
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with the monolayer-by-monolayer growth se- 101') cm - 3 GaAs) and oval defects are totally
quence, the oscillation amplitude will persist, not suppressed (8]. Recognizing the importance of the
damp out, with growing time. We proposed that nucleation enhancement, we denorinated this
the mechanism behind it was an enhancement and process nucleation enhanced MBE (NEMBE) [8].
synchronization of the nucleation events over the In particular, the ability of this mechanism to
whole surface caused by the periodic group Ill force 2D growth mode has led to successful appli-
surface enrichment, during interruptions as a con- cations of NEMBE to the growth of highly mis-
sequence of the continuing group III deposition matched systems [9].
and As desorption at sufficiently high substrate At low substrate temperatures, a periodic group
temperature. III enrichment of the surface will not take place

The optimum timing for the periodic interrup- by arsenic desorption, but simply by letting group
tions of the As 4 flux in order to enhance RHEED III arrive alone at the surface during a longer
oscillation amplitude and improve growth front arsenic beam interruption. Meanwhile, an en-
flatness, is just after a RHEED l,, maximum has hanced migration of group Ill species over the
been achieved. It is known that, for the usual already group III stabilized areas in the absence of
2 x 4 reconstructed surface, I0, maxima corre- As 4 flux helps promoting a homogeneous group
spond to the completion of a monolayer. If we III atomic layer coverage. Homogeneous nuclea-
provoke an As 4 interruption precisely at this mo- tion and growth of a monolayer will take place
ment. while continuing to supply Ga, the surface during the As 4 supply time. Now. this can be
will be momentarily group III enriched and even- reduced to a small fraction of the modulation
tually will turn to the 3 x I or 4 x 2 reconstruc- period and therefore we can consider operating
tions. When now As 4 flux is restored, it will find a with a pulsed As 4 cell (pulsed mode).
Ga stabilized highly reactive surface and imping- Notice that the group III flux does not need to
ing As 4 molecules will catalytically dissociate and be modulated during NEMBE. However, as a
incorporate as homogeneously distributed nuclei limit case, we can separate completely the group
of a new monolayer. The effect is that of synchro- III and group V supply periods by alternating
nized suppression of the kinetic barrier for 2D both beams. This particular mode, developed in-
nucleation. Further growth of the monolayer will dependently by Horikoshi et al. [101. has been
proceed by lateral expansion of a high density of called MEE by emphasizing the enhanced migra-
2D islands. Notice that. even when at this stage tion of species. when supplied separately, as the
group IIl and group V species are supplied simul- determining mechanism to improve growth.
taneously as in MBE, due to the availability of a We have shown that alternated (MEE) or pulsed
large density of steps at the islands edges. the step (NEMBE) beam operation modes are totally
propagation mechanism will predominate and equivalent and produce epilayers of similar quality
nucleation of a second monolayer will be kineti- [7]. The advantages for the group V pulsed mode
cally hindered until the growing one is completed. are that it does not pose any large mechanical load
Notice also that the need for a large surface on the group III cell, uses its content more effi-
migration range for the impinging species is greatly ciently and reduces by a half the total growth
reduced due to the small lateral dimensions of the time.
islands at coalescence, and growth temperature Both MEE and NEMBE modes need As4 cells
can be lowered. Consequently, materials with re- with an on/off flux ratio > 10 to avoid As incor-
duced migration. such as AIGaAs or AlAs, can be poration during Ga supply time. We use specially
grown layer by layer at temperatures well below designed, fast operating valved cells (0.1 s opening
600*C [7]. At the same time, by minimizing the and closing time) with measured on/off flux ratio
effect of inhomogeneous nucleation at defects (im- =-200 and equipped with a high temperature
purities or dislocations), epitaxial layer mor- cracking section. Cells of the same kind are used
phology (flatness) is greatly improved even for also for P4 or P2 pulses from solid red phosphorus
thick AlGaAs or highly doped materials (n = 2 x with great advantage over conventional designs.
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Because most of the time P4 and As4 cells are As/GaP SSLs and QWs with excellent structural
valved off, their operation does not have negative and optical properties have been previously pub-
consequence on ion pumps or vacuum background lished [12,13]. Recent results on the growth of
and their high on/off ratio allows one to alternate complex periodic decoupling structures like (Ga
phosphorus and arsenic in epitaxial structures with P) 1/(GaAs),/(InP),, for GaAs/Si shows the pos-
little cross contamination. sibilities of combining several strained systems

containing both P and As. Also, (GaP),/(InP),
strained layer QWs confined by All 7Ga0 3As have

3. Atomic layer MBE (ALMBE) been grown successfully, opening a new field for
MBE growth of band engineered structures.

In a previous work based on RHEED oscilla- However. general problems of interface forma-
tion analysis we have shown that, in a certain tion like exchange reactions, segregation and dif-
range of substrate temperatures and by carefully ferent incorporation efficiencies during growth of
adjusting the beam modulation frequency to the heterostructures based on compounds with highly
actual growth rate in monolayers/s. surface different chemical reactivities cannot be ruled out
stoichiometry oscillates during NEMBE (or MEE) and need to be investigated in detail.
growth with an amplitude of I N. where N, is the
density of Ga or As sites in an atomic layer
(N, = 6.26 x 1014 cm- 2 for (001) GaAs). This 4. Optical and RHEED investigations during AL-
means that using the above modulation schemes. MBE
MBE growth kinetics can be modified into an
atomic layer by atomic layer kind of growth. Our Reflectance difference spectroscopy (RDS). a
denomination atomic layer MBE (ALMBE) wants new optical in-situ analysis technique. useful to
to emphasize precisely this character. It should be monitor surface chemical composition changes
clearly stated, however, that ALMBE is conceptu- 114.151. has been added to RHEED analysis in
ally and practically different from atomic layer order to study ALMBE kinetics and to control
epitaxy (ALE) [111. During ALMBE. no natural interface formation. A simplified reflectance dif-
mechanism will stop accumulation of group III fe.ence set-up at the fixed wavelength of a He-Ne
atoms on the surface once a complete atomic layer las,;r has been developed and currently used to
had been deposited. Therefore an accurate com- follow in real time surface stoichiometry changes
puter control of shutters is mandatory. Group V during alternate or pulsed beam growth [16]. At
adsorption on the growing surface is, however. X = 6328 A. reflectance difference for light
self-limited and its saturation coverage can be polarized parallel to [1101 and [110] directions
controlled by substrate temperature, pulsed beam supplies a signal of comparable amplitude for all
intensity and previous group IIl coverage (pulse investigated compounds (AlAs. GaAs. GaP. InAs.
width and phase). This self-limited adsorption adds lnP and their alloys) and is specially suited to
to the forced 2D growth capabilities inherent of follow surface stoichiometry changes during alter-
NEMBE. a new application range: the controlled nated or pulsed growth of heterostructures.
growth of pseudoalloys or alternate monolayer According to Aspnes et al. [141, the main com-
compounds (AMC), short period superlattices and ponent of the RD signal originates from the dif-
sharp interfaces including two different group V ferential absorption of polarized light with the
elements. This has been normally beyond the pos- electric vector parallel to the group IlI surface
sibilities of MBE due to the known problem of dimers (along [1101 direction) and is therefore
group V competition for incorporation. During proportional to the density of such dimers on the
ALMBE. P4 or P, and As4 or As, are supplied in surface.
successive pulses to group III terminated inter- Referring to fig. I in which RHEED. Ill, for
mediate surfaces, therefore avoiding competition. [110] azimuth is plotted together with RD signal.

Applications of ALMBE to the growth of Ga R11,-R,,l. for two cyclic alternations of Ga and
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agram into the 3 x I reconstruction. This part of
A the cycle corresponds exactly to the nucleation

model of Farrell et al. [1]. Without As supply, it is
Ce not possible to accommodate more than 0.5 N, of

Ga-Ga dimers on a 2 > 4 surface without chang-
ing reconstruction into the (3 x 1). Further Ga

C supply, up to 0.75 N,, induces a reconstruction
change into the 4 x 2. Now, a point D, the As4

"so
0 c beam is supplied again and a fast recovery of the

_0 s (Ga) 2 x 4 reconstruction is observed together with that
ca of the RD signal level as Ga-Ga dimers are

buried. However. RHEED. I,, intensity does not
recover completely under the As 4 beam but evolves

0 3 6 9 rIME (s into that of a 0.75 completed monolayer. This was

Fig. 1. Simultaneous recordings of RHEED, l( ,, for t1101 expected. as we had only 0.75 N, of Ga-Ga dimers

azimuth and reflectance difference signal. Rj1 ,,- R,(, ,. for cyclic on the surface. From this point on, the cycle starts
growth of GaAs under alternative supply of Ga and A" 4. again with the supply of Ga to finish growing the
Subsirate temperature T, = 450'C, BEP As4 = 5 x 10 6 mbar. incomplete monolayers. The necessary arsenic had
Letters mark different stages of the growth sequence described to be stored on the surface in an adsorbed state

in the text. (probably in As, form originating from the previ-

ous catalytic decomposition of As 4 ). During this
As 4 at T = 450'C. we would like to point out initial part of the cycle, the RD signal has a
some specific details as an example of the kind of different slope and originates on a surface absorp-
information that can be obtained. A complete tion for light polarized in the [110] direction, not
analysis under a range of substrate temperatures related to Ga-Ga dimers but to the reduction of
and modulation sequences will be published surface anisotropy during island coalescence of
elsewhere. At the bottom of the figure the beam the incomplete monolayer [16).
sequence is schematized and the dose of Ga sup-
plied per cycle. I N,. indicated. RHEED intensity
can be assumed to be sensitive mainly to the Al InP Ga nP

density of steps (along [110) direction) as long as
the surface is 2 x 4 reconstructed. I A JJ

At point A. the beginning of the Ga supply, a
low I,, intensity indicates that the cycle starts at a
rough. incomplete monolayer of GaAs. By supply-
ing 0.25 N, of Ga, 1,,, achieves at point B a
maximum intensity comparable with that of a
good (flat) As stabilized and 2 x 4 reconstructed
GaAs surface which, according to the well-estab- MQWIGa As

lished Chadi model, is built of three As-As dimers 4U0 00 C

and one dimer vacancy units. Nucleation of fur-
ther supplied Ga on this surface (few steps availa- 5 15 0

ble) occurs by Ga-Ga dimer formation, as shown The (seconds)

by the linear decrease of the RIR,, signal until Fig. 2. RD signal during growth of an Al,),lnP/Ga,,,inSP

at point C, corresponding to the deposition of 0.5 heterojunction on GaAs substrate by pulsed mode ALMBE.
Bottom level corresponds to surface saturation with phos-

N, Ga atoms iphorus. Upper level (peaks) corresponds to group Ill stabilized
change of slope in RD is seen in coincidence with surface. Lower level (flat) corresponds to group V saturation.

a change of reconstruction of the RHEED di- Incomplete saturation with P4 is observed for GalnP.
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Besides the good correlation of the observed growing under alternated beams on substrates cut
features and the current models of the GaAs an carefully polished in those orientations. High
surface, an important consequence of this type of quality, mirror like, GaAs epitaxy was always
detailed analysis is that, in principle, it is possible obtained by using alternated or pulsed beams at
to use it to adjust the pulsed beams timing pre- 400'C and supplying I N, (Ga) = 6.26 x 1014

cisely to operate in an ALMBE mode and there- cm- per cycle. For comparison we include in the
fore to obtain atomically sharp buried interfaces figure the nominal density of "dimerizable" Ga
also for group V elements. sites and a scheme of their geometrical location.

The effects associated with different chemical Surprisingly good agreement is obtained be-
activity across the interfaces, as pointed out be- tween the RD signal relative amplitude, or also
fore, can be investigated by means of this tech- the saturation Ga dose and the expected surface
nique and taken into account during the design of densities of dimerizable (two dangling bonds) Ga
the adequate beam sequence to fabricate an opti- sites.
mized interface. For example. during the forma- According to the previous ideas, no atomic
tion of GalnP/AIInP heterostructures, the use of la -r growth would be possible on totally polar
P., instead of P4 is necessary to achieve full cover- (Ill)A, (II1)B or non-polar (110) surfaces where
age of phosphorus on GaInP. while good incorpo- no alternation of As and Ga planes takes place.
ration is obtained in more reactive AIInP using P4. and of course, no RD signal can be expected.
as shown with the help of RD recordings in fig. 2. Nominally. on (311)B the number of "dimeriz-

able" Ga sites is approximately half of that on
(100) (.,, = 6.26 X 1014 cm 2). The (100) surface

5. Low index surfaces saturates with 0.75 N,,,,, (Ga) and the experimental
value for the (311)B is 0.75 N,, (N = 3.77 x

What kind of kinetics is expected for NEMBE 1014 cm ) in such a good coincidence with the
on low index surfaces different from the (100)? geometrical value that it seems to indicate that on
Can we still obtain synchronized enhanced nuclea- the (311)B surface most of the Ga dimerize and
tion by Ga --Ga dimer promotion and perhaps that the As stabilized surface has the same cover-
define an atomic layer-by-layer (ALMBE) growth age and probably reconstructs in a similar way as
mode? Exploratory studies have been started using the (100). On the (211) surface (A and B), the RD
RD signal as an analysis tool during GaAs growth signal is clearly observable, but is saturates for A
on (311). (211). (111) and (110) surfaces. Ga dose smaller than the nominal density of Ga

In fig. 3 we show experimental recordings of sites (N,, = 2.55 x 1014 cm -2). Also. the signal
RD signal R,,- R 11, during Ga supply while amplitude is smaller. Of course, we cannot expect

to have all Ga (or As) dimerized on a surface that
will contain an enormous density of steps or re-

" IN5=626,1c-,W *G rAs arrange to lower its total energy in an unknown
00 10 0 1 way. In favour of such rearrangement. we should

'N5:377,T0cm ~ Xpoint out that very similar RD signals are ob-
£ I (3,1)B tained for the, in principle, quite different (211)A

Qa0N / and (211)B surfaces.
AS2s,10" : ' j . Although no signal at all is observed, as ex-

'2,1)AR 8 1 211 B pected. on (IlI)A or (II1)B and (110) surfaces.
2 3 I. rIME) £ V0, - the fact that a good growth morphology is ob-

tained anyway by pulsing the beams shows that
Fig. 3. Fxperimental recordings of R 11)-R II, during some beneficial effect of the surface stoichiometrv
As 4 (off)/(ia(on) transient on various low index cut substrates.

T,- 580C. EP AS4 = 5X 10 "mbar. Nominal 6a site den- modulation is still operating. More growth experi-
qies are included, together with a schematic view of the lattice ments, including superlattice growth, are under-

along [1101 direction way trying to clarify these points.
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6. Conclusions the optical and structural characterization of the
grown heterostructures. They thank especially Dr.

A modulation of the molecular beams in syn- K. Ploog, M~ax-Planck Institut fur Festkorper-
chronism with the layer-by-layer growth sequence forschung. for valuable discussions and for his
causes a substantial modification of the MBE collaboration with the low index surface experi-
growth kinetics in two ways: enhancing and syn- ments.
chronizing 2D nucleation (NEMBE) and enhanc-
ing migration of surface species (MEE).

As a consequence. 2D growth mode is promo- References
ted even for low substrate temperatures or during
growth of highly doped materials and strained [11 H.H. Farrell, J.P. Harbison and L.D. Peterson. J. Vacuum

s'Vstems.Sci. Technol. B5 (1987) 1482.

Adeqatey deignd puse equece eadsto 121 C.T. Foxon and B.A- Jo'cce. Surface Sci. 50 (1975) 435.
Adeuatly esinedpule squece ead to 131 Y. Horikoshi. H. Yamaguchi, F. Briones and M.

approximate atomic layer-by-layer growth (AL- Kawashima. J. Crystal Growth 105 (1990) 32t).
MBE). It allows for the first time, using new 141 T. Nishinaga. T. Shilara. K. Mochizuki and KI Cho. J.

valved pulsed cells, the growth of heterostructures. Crystal Growth 99 (1990) 482.

pseudoallovs lll-V1-VB, superlattices and sharp 15) J.H. Neave. B.A. Joyce. P.J. Dobson and N. Norton.
AppI. Phys. A31 (1983) 1.

heterostructures of the form lllXV,-lll(.Vl) from 16] F. Briones. D. Golmayo. L. GonzAlez and A. Ru17. J.
solid sources in an otherwise conventional MBE Crystal Growth 81)(1987) 19.
sN stenm. 171 F. Briones. L (onz)lez. M. Recio and M_. V~czquez.

Analvsis of simultaneous RHEED and RD re- Japatn, J. AppI. Phvs. 26 (1987) L1125-
cordings allows us to control and optimize the 181 F. Briones, L. Gon7Ilez and A. Ruiz. AppI. Phys. A49

(1989) 729.
modulated beam sequence and to investigate in- [91 A. Rui,. L Gonz~iez. A. Mazuelas and F. Briones. AppI.
terface formation and growth on low index and M~s A49 (1989) 543.
off-oriented surfaces. 1101 H. Horikoshi. MI. Kawashirna and H. Yamaguchi. Japan.

In summarv, the range of applications of MBE J1. AppI. Phvs. 25 (1986) L869.
can be greati-v extended through the engineering [ll1 C.H. Goodman and M.V. Pessa. J. AppI. Phys. 60 (1986)

C-1 1265.
of gowt kietic bypuled eam echiqus.(121 MI. Recio. G. Armeltes. A. Ruiz. A. Mazuelas and F.

Briones. Surface Sci. 228 (1990) 139.
1131 MI. Recio. G. Armelles. J1. Mel,~ndez and F. Briones. J.

Acknowledgements Appl. Ph~s. 67 (1990) 2044.
1141 D.E. Aspnes. Jt'. Harhison, A.A. Studna. L.T. Ftorez and

M.K. Kells .1 . Vacuum Sci. Technol. B6 (1988) 1127.The authors wish to acknowledge the collabora- t15J F. Briones and Y. Horikoshi. Japan. J. Appl. Ms 29
tion of G. Armelles. M. Recio. J.M. Rodriguez. J. (1990) 1014.
Melkndez, P.S. Dominguez and A. Mazuelas with 1161 F. Briones et al.. to he published.



200 Journal of ('r~stal (rowth 11 1991) 200-204
North-Holland

Optical investigation of GaAs growth process in molecular beam
epitaxy and migration-enhanced epitaxy

Yoshiji Horikoshi. Minoru Kawashima and Naoki Kobayashi

,N TT Basot Re'earch Lahoratories. ,ftsczhino-sht. TokTo 181), Japan

Epitaxial growth process of GaAs by molecular beam epitaxy and migration-enhanced epitax, is investigated uing a newtk
deseloped optical monitoring method called surface photo-absorption. This method is based on the reflectivitv measurement of
p-polarized light incident at the Brewster angle on the growing surface. This configuration minimizes the bulk GaAs contribution to
the light reflection. The small signal from the growing surface is thus detected with a high signal-to-noise ratio. It was found that this
optical method is useful for monitoring the surface chemical composition during molecular beam epitaxy. and the fractional layer
growth during migration-enhanced epitaxN. An optimization of As4 deposition rate during growth is also demonstrated using the
recorded surface photo-absorption signal.

1. Introduction In this paper. we demonstrate the usefulness of
SPA in monitoring the chemical composition of

Reflection high energy electron diffraction the growing surface and the fractional laver
(RHEED) [I] is a useful in-situ monitoring method growth. and in optimizing the As4 deposition rate
for molecular beam epitaxy (MBE) and migration- during growth.
enhanced epitaxy (MEE) [2]. RHEED is sensitive
to structural characteristics such as surface atomic
arrangement and surface roughness in an atomic 2. Surface photo-absorption method
scale [31. Reflectance difference spectroscopy
(RDS) [4]. an optical in-situ monitoring method When p-polarized light is irradiated on the
developed recently by Aspnes et al., has been used growing surface, the reflected light intensity can
to provide chemical information on the growing be minimized by setting the incident angle close to
surface, which complements the structural infor- the Brewster angle. The residual reflected light
mation provided by RHEED. With this method, intensity observed around the Brewster angle is
the difference between normal incidence reflec- caused by the optical absorption near the surf,ce.
tances is measured for light polarized along the Thus, the deposition of an absorbing thin film can
[110] and 11101 principal axes about the (001) be easily detected by measuring the amount of
surface. Therefore. RDS is primarily applicable to reflected light.
anisotropic surfaces. McIntyre and Aspnes [6] have discussed theo-

Recently, the authors developed a new optical reticallv the reflectivity change which occurs when
in-situ monitoring method called surface photo-ah- a very thin film is deposited on the substrate. This
sorpti (SPA) where p-polarized light is irradia- reflectivitv change. AR/R. can be expressed bv
ted at the Brewster angle on the growing surface AR R(d) - R()
[5). In this method, the E vector of incident light = - R 0) (1)

includes components both parallel and perpendic-

ular to the growing surface. Therefore. unlike RDS. where R(0) and R(d) represent, respectively, the
SPA is applicable both to isotropic and aniso- reflectivity of the substrate before and after the
tropic surfaces. deposition of a thin film with thickness d.

()22-0248/91/S03.50 , 1991 - Elsevier Science Publishers B.V. (North-Holland)
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to 300K maximized at the Brewster angle. If the term
X m Im( . ) of eq. (3) varies slowly when the thick-nX 325 am I ness d is increased, eq. (3) predicts a linear in-n (GaAs)= 3,4-18

S(Go)' -1 4 -?6i / crease in the SPA signal as a function of d.
- A=488nm f p

or5[ n (GoAs)=-45-O4 1 /

S(Go)-26-2681 / 3. Experimental

The experimental setup used in the present
.. work is shown in fig. 2. A conventional MBEssystem with two quartz windows at the Brewster°0 6 1 0 i /'0 angle (T = 75°), together with a RHEED gun

1 (degree) ,with an acceleration voltage of 15 kV. Two-inch

Fig, 1. Reflectivity change on the GaAs (001) substrate covered GaAs (001) substrates were chemically polished in

with 1 atomic Ga layer as a function of the incident angle. The a H 2SO 4-H 20 2-H 20 solution and then rinsed in
optical constants of GaAs and Ga used in the calculation are deionized water. The resulting oxide was removed

shown in the text, by thermal desorption at 630'C in an As4 flux

prior to the SPA experiment. The beam intensities
of Ga and Al from effusion cells were determined

Let e,, and C be the dielectric constant of the from the periods of the RHEED specular beam
substrate and the deposited thin film. respectively, intensity oscillation, while the As 4 beam intensity
Then the reflectivity change for s- and p-polarized was measured by the flux monitor gauge placed at
light can be expressed by [6] the substrate position. p-Polarized 325 nm light

.AR) 8 7d cos 9) Ih ' (He-Cd laser) was used for the SPA experiments.
= , ). (2) The reflected light was detected by the Si-PIN

photodiode. The results were compared with those
(R) 8 Ardcos obtained by the RHEED observation.

xlm (1 1 4. Experimental results and discussion

1 - (1/iCsuh)(C + s.,b) sin 2  (3) 4.1. Application to MBE growth of GaAs

As discussed in a previous paper 151. the SPA
Fig. I shows the reflectivity change calculated signal increases linearly with the number of Ga
using eqs. (2) and (3) for a (001) GaAs substrate atoms (N(3,) deposited on the surface until the full
with I atomic Ga layer (N, Ga atoms) on top. The
wavelength of incident light is set at 325 and 488
nm, and the corresponding refractive index of [
GaAs is assumed to be 3.4 - 1.8i and 4.5 - 0.41i, EE

respectively [7]. Although the dielectric constant
of a Ga mono-atomic layer is not known, the He-Cdo, p odiode

value obtained for thicker layers is assumed to be laser
valid for 1 atomic layer. Thus, the dielectric con- C"r AsG

stant used in the calculation is - 14 - 7.6i for 325 Pmp
nm. and -26 - 26.8i for 488 nm [8]).

The results graphed in fig. I clearly indicate ca,,,
that the detection of ultra thin film deposition is Fig. 2, Experimental MBE setup used for the SPA experiment.
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MBEowith duration (10 s). This result indicates that SPA is
-As. (GoAs.) --- As.- - Ts =580C not sensitive to structural changes in the growing

P., 5 53"Trrr J: Ns / c~ s surface. For the reduced As4 pressure conditions(lower two traces of fig. 3), the SPA signal inten-
sity increases during growth and finally saturates.
This saturation value corresponds to the intensity

' 1=,:44-16 iroll of the (001) GaAs surface fully covered with Ga
atoms. After saturation, excess Ga atoms . re
stored in the form of droplets on the growin,
surface. Thus, it takes a long time to recover the

Toriginal As-stable surface after growing. These low
PA. 3 10 Toff PAs conditions produce no specular surfaces for

Fig. 3. SPA signal intensity variation during the MBE growth the continued growth.
of GaAs. The incident light wavelength was 325 nm. Fig. 4 shows the stationary SPA signal intensity

during growth as a function of P'As" The saturated

coverage is accomplished (N0 a = N,, the number intensity in the PAs < 5 x 10 -6 Torr region corre-
of surface sites). This phenomenon makes it possi- sponds to the complete coverage by Ga atoms.
ble to monitor the surface chemical composition indicating insufficient As 4 deposition. For the re-
during MBE growth. gion of PA, > 5 X 10 

-  Torr, specular surfaces
Fig. 3 demonstrates the SPA signal variation were obtained even for the thick epitaxial layer

during MBE growth of GaAs under different As 4  growth. Thus, the surface chemical composition
pressure (PA) conditions. The growth was con- can be monitored during growth, which may affect
tinued for 10 s using the Ga flux intensity of N, the defect incorporation into the grown layer.
(cm2/s). Before opening the Ga effusion cell
shutter, the As-stable surface with (2 X 4) recon- 4.2. Application to MEE growth of GaAs
struction was confirmed by RHEED observation.
During MBE growth using PA, = 5.3 X 10' Torr In a previous section, it was demonstrated that
(uppermost trace in fig. 3). the SPA signal showed the SPA method is useful for monitoring of surface
higher intensity than that before and after growth, chemical composition during MBE growth. and
indicating increased Ga concentration in the grow- therefore for optimizing the As4 deposition rate.
ing surface. However, the corresponding RHEED Optimization of the As 4 deposition rate is also
observation showed a distinct specular beam in-
tensity oscillation throughout the entire growth As F F- T---

ASY Ts 58/"C

2C -0 Ts = 58fcr GoGN r

JC = 
Ns/crn[ s12MBE

PI 7'OO Torr

0. 0

PA6 x U0 Torr ) Fig. 5. SPA signal intensity traces observed using X =325 nm

Fig. 4. Steady state SPA signal intensity during MBE growth of light for 5-cycle MEE growth of GaAs at 580 o C. Optimization
GaAs as a function of the As4 pressure. of As4 deposition rate can be done.
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US ble surface was obtained. In contrast to the high
Ah. I Ts = 30dn

C temperature result (see the lower trace in fig. 5),
J1JLJ .= 0 

Ns
/Jts S the SPA signal intensity grows continuously. This

PA. "To phenomenon implies that no large Ga droplet is
formed on the growing surface even when excess
Ga atoms are accumulated on the surface Ga
layer. Instead, the growing surface is probably

-lAs= is covered by higher density but very small Ga
to= 2s droplets at this substrate temperature. By increas-

ing the As4 deposition duration, stationary SPA

V-4 2s oscillation can be achieved as shown in the lower
most trace in fig. 6. From these results, it is easy
to optimize the As 4 deposition rate.to: 1 S

5. Conclusion

f os The newly developed optical in-situ monitoring
method, SPA was applied to the growth of GaAs

Fig. 6. SPA signal intensity traces of 5-cycle MEE growth of by MBE and MEE. This method is based on the
GaAs at 300 *C. measurement of reflected light intensity of p-

polarized light incident at the Brewster angle on
the growing surface. In this method, the E-vector

possible in the MEE growth using SPA. Fig. 5 of incident light includes components both paral-
indicates the SPA intensity traces for 5-cycle MEE lel and perpendicular to the growing surface. Thus,
growth of GaAs. The growth rate was fixed at 1 unlike the RDS method, SPA can be applied both
monolayer per cycle. A steady oscillation in SPA to isotropic and anisotropic surfaces. The SPA
signal intensity (upper trace) was obtained using method proved useful for monitoring surface
PA, = 7 x 10 - 6 Torr. In this case, As4 deposition chemical composition during MBE and fractional
was continued for 3 s in each cycle. However, the layer growth by MEE.
As-stable surface was recovered within I s deposi-
tion (see the time needed for the complete inten-
sity drop to the original level in each cycle). When
F'As was reduced to 3 x 106 Torr, the SPA signal Acknowledgements
intensity drop in the As 4 deposition duration oc-
cured very slowly and incompletely, indicating The authors would like to thank Drs. Tatsuya
that excess Ga atoms agglomerate on the growing Kimura and Tatsuo Izawa for their encourage-
surface. ment throughout the work.

The results obtained for a reduced substrate
temperature (300°C) are shown in fig. 6. The
deposition sequence is depicted in the inset. In
this case, PA, was fixed at 3 X 10- 6 Torr and the References
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Modulated molecular beam epitaxy: a successful route toward high
quality highly strained heterostructures

J.M. Gdrard *, J.Y. Marzin and B. Jusserand
Centre National d'Etudes des Tilieommunications, 196 Avenue Henri Raverai F-92220 Bagneux, France

InAs/GaAs highly strained short period superlattices exhibit clearly improved structural and optical properties when grown by
modulated MBE at low temperature (350°C) instead of conventional MBE. This technique forces a layer by layer growth of the
strained layers. Current descriptions of the growth mechanism are discussed, and an alternative model is proposed for it.

1. Introduction pose a novel model to explain how MMBE in-
duces a layer-by-layer growth.

One of the major recent trends in strained layer
epitaxy is the growth of highly strained hetero-
structures. Besides their potential interest in the 2. Experimental results
field of devices as a high mobility substitute for
lnGaAs random alloy, InAs/GaAs short period An extended characterization of MMBE grown
superlattices (SPSs) also constitute simple test (lnAs),(GaAs). SPSs has been performed for m.
structures to study the impact of large strains (7% n < 8. In the following, we compare briefly the
lattice mismatch between InAs and GaAs) on the data obtained for a 1000 A thick (lnAs)4(GaAs) 3

growth mode and stability of heterostructures. The SPS (sample S43) to those available in the litera-
growth by MBE of (InAs),(GaAs)m approxi- ture for MBE grown layers. X-ray diffraction
mately lattice matched to lnP has been reported
for a long time [1-31. Such layers display, how-
ever. rather poor structural and optical properties, Initial

as a result of a degraded growth mode. We first AV
recall that a clear improvement results from an ,
alternate delivery of arsenic and metal atoms by
monolayer increments at low temperature (350 C)
[4]. The adequation of this modulated MBE 2h'
(MMBE) technique to the growth of highly
strained Ill-V layers allows one to discuss the= " ' Z

validity of the "migration enhanced epitaxy 3

(MEE)" [5] and "atomic layer MBE (ALMBE)" C, 7

[6] models which have been used to describe the 7h

microscopic growth process in MMBE. We pro-
100 to , o 40

FREQUENIY SHIFT (cW"t)

Fig. 1. Evolution of the first folded Raman acoustic doublet of
Member of the Direction des Recherches Etudes et Tech- an (lnAs) 4(GaAs). SPS for successive thermal annealings at
niques (French Ministry of Defense). 740 0 C.

0022-0248/91/03.50 0 1991 - Elsevier Science Publishers BV. (North-Holland)
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satellites with full width at half maximum as low transmission micrograph obtained for MQWI re-
as 100" appear on 0-20 diffraction profiles [4] veal fluctuations of the composition within the
(typically 1° for MBE grown layers [1-3]). Raman well material. The 2D features of the MQW exci-
scattering experiments performed on MMBE sam- tation spectrum are smeared out if the bandgap
pies allowed us to observe confined optical modes variations they entail are of the order of the spac-
and folded acoustic modes for the first time in this ing between the optical transitions. For a 105 A
system [4]. MMBE grown SPSs thus have a well- thick quantum well, this effect reveals composi-
defined periodicity and a good in-plane homo- tional fluctuations exceeding 5%. On the other
geneity. hand, the observation of two-dimensional step-like

The stability of sample S34 has been tested by features and the recovery of excitonic peaks in the
performing thermal annealing; the decreasing in- excitation spectrum for MQW2 confirm a re-
tensity of the first folded acoustic mode is studied markable improvement for the MMBE grown
by Raman scattering at different stages of a ther- (InAs) 2 (GaAs) 2SPS. Its homogeneity is also re-
mal treatment (fig. 1). A nearly complete intermix- vealed by the high resolution micrograph dis-
ing requires 7 h annealing at 750'C. Interesting played in fig. 2, on which alternate bilayers are
comparisons can be undertaken with InAs/GaAs clearly identified.
and GaAs/AlAs SPSs grown by MBE. Complete These results stem of course from the very
intermixing is achieved for 10 A-10 A SPSs after different SPS growth modes in MBE and MMBE,
2 h at 500 or 700'C respectively [7]. For a given which can be studied by reflection high-energy
period. InAs/'GaAs MMBE grown SPSs are thus electron diffraction (RHEED). A shift from 2D to
much more stable than MBE grown InAs/GaAs 3D growth mode is revealed by a bulk type spotty
SPSs, and at least as stable as GaAs/AlAs un- pattern when about 5 monolayers (ML) InAs or
strained structures. The very large strains experi- GaAs have been deposited by MBE on a buffer
enced by the sublayers are in fact not likely to layer lattice-matched to lnP under standard growth
jeopardize the SPS stability, since the amount of conditions (500 0 C, As-stabilized surface). During
elastic energy (about 50 meV per metal atom for the growth of a (InAs),(GaAs), SPS, for n smaller
InAs/GaAs on lnP) is much smaller than the bulk than that apparent critical thickness for 3D growth
diffusion activation energy. of the individual layers (2 < n < 5), a continuous

Improved optical properties also result from shift to 3D growth is observed by RHEED. Some
the growth by MMBE. The low temperature pho- intensity modulation of the integral order streaks
toluminescence (PL) of S43 is intense, with a 10 gradually appears and a bulk-type spottyr pattern
meV spectral width [41 (50-100 meV for MBE is finally obtained, when typically 500 A (n = 4)
grown SPS [8]). Its Stokes shift with respect to the or 900 A (n = 3) thick layers have been deposited.
bandgap absorption edge (studied by PL excita- This degraded growth mode is responsible for the
tion spectroscopy) is only 10 meV, instead of poor structural and optical quality of MBE grown
typically 50 meV for MBE grown layers. SPS.

lnGaAlAs/(lnAs) 2(GaAs) 2  multiquantum On the other hand, MMBE at 350'C allows
wells (MQWs) have also been studied so as to one to deposit two-dimensional InAs and GaAs
compare fur'her the quality of thin SPS layers layers on InP up to the critical thickness for
grown using different techniques. The buffer and plastic relaxation (and obviously after). No de-
barrier layers are grown by MBE at 520°C; the gradation of the growth mode is observed for
105 A thick SPSs are either built by standard (lnAs),(GaAs), (n < 8) for 1000 A thick films.
MBE (MQWI) or by MMBE at 3500 C (MQW2). The alternate deposition of As 4 and metal atoms
PL and PL excitation spectra obtained at 2 K for forces a layer-by-layer growth mode of the highly
both samples are shown in fig. 2. The excitation strained layers, thus allowing one to grow high
spectrum is smooth for MQW1, which indicates quality material. However, this forced 2D growth
that the MQW structure has no two-dimensional mode is only observed for temperatures lower
character. Contrasted areas on the high resolution than about 400 oC.
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3. Discussion and establish metallic bonds. Ga adatoms on the
first Ga ML are thus weakly bound to it, and

The shift to 3D growth of highly strained layers should migrate much more easily than Ga adatoms
grown by MBE has a thermodynamical origin on an As plane.
(sufficiently large islands of relaxed material are - To calculate the decrease of 1,a between 550
more stable than the pseudomorphic 2D epilayer), and 200'C, one has to estimate the (unknown)
but proceeds from a progressive roughening of the activation energy Em of the migration of Ga atoms
surface [9], and is essentially controlled by kinet- on an As stable surface, Em can be (very roughly)
ics. It is therefore possible to delay or suppress the estimated from the Ga desorption activation en-
shift to 3D growth by changing the growth condi- ergy. Ga migration or desorption involve indeed
tions. the breaking or distortion of a number of Ga-As

MMBE overcomes the intrinsic tendency of bonds which depends on the growth conditions;
highly strained layers to grow three-dimensionally, we assume that their activation energies Em and
This result allows one to discuss more precisely Ed vary proportionally to each other. Ed is 4.7 eV
the growth mechanism in MMBE. The quite dif- under large As 4 flux (4 bonds to break) [12], 2.5
ferent MEE and ALMBE models have been intro- eV for a free evaporation of GaAs [13] (2 bonds to
duced to account for the growth of good quality break since Ga and As desorb alternately) and
(unstrained) GaAs at very low temperature (- intermediate (3.6 eV) during the standard MBE
2000C). Neither is, however, fully satisfying for growth of GaAs [14]. Since the migration activa-
the MMBE of strained material. tion energy Em is 1.3 eV in the latter case [15], we

In the ALMBE model 161, an enhancement of find a rather large but not unreasonable Em (-
the two-dimensional nucleation process results 1eV) for Ga adatoms on a surface covered with As
from the cyclic perturbation of the surface stoi- in the vacuum. As a result, the related Ga diffu-
chiometry. However, preliminary experiments per- sion length would be 250 times smaller at 200' C
formed at 500 and 370'C indicate that short than at 550'C. Surface migration of metal atoms
periodic interruptions of the As 4 flux during the might thus be much smaller during low tempera-
growth by MBE do not improve the quality of the ture MMBE (on a surface covered with As) than
lnAs/GaAs SPS. although they entail surface re- during standard MBE (- 70 A [151).
construction (and stoichiometry) changes. Finally, a large surface transport (also involved

In the MEE model detailed for GaAs [51, a in the Volmer-Weber 3D growth mode) could not
layer-by-layer growth mode is favoured by the explain alone that a 2D growth of highly strained
enhancement of the cation migration under very material is obtained by MMBE.
low arsenic pressure. A large migration has been We propose a modified model for the growth
surmized for Ga adatoms on a surface covered mechanism in low temperature (- 350 C)
with As (encountered at the beginning of each Ga MMBE, which only involves a large migration of
deposition) as well as with Ga (end of the deposi- metal atoms on metal stable surfaces and is il-
tion of I ML Ga), even at low temperature ( lustrated in fig. 3 in the case of GaAs. I ML Ga is
2000 C) [5]. However, the Ga diffusion length IGa first deposited under As-poor atmosphere on a
for a very low As4 flux has only been measured at surface covered with As. The migration of Ga
550°C (1900 A) and for a metal-stable surface might be small on such a surface at the beginning
[10]. /,. is drastically smaller at 200"C on a of the deposition, but a rapid diffusion of Ga on
surface covered with As, due to the temperature Ga terraces is expected. Ga atoms deposited on
lowering, and to the larger cohesion of Ga adatoms top of a Ga terrae migrate until they reach its
to an As plane than to a Ga plane: edge and establish stable covalent bonds with As
- When more than I ML Ga is deposited on a atoms (fig. 3a). A complete atomic layer of Ga is

surface covered with arsenic, atoms of the first thus obtained at the end of the Ga deposition (fig.
ML establish covalent Ga-As bonds, whereas ex- 3b). As 4 molecules are then sent to this highly
cess Ga atoms tend to gather into droplets [11] reactive surface which is quickly and homoge-



J. M. Girard et at / Modulated molecular beam epitax, 209

Os o4. Conclusions

As 0 -- -1 0 0 0 0 0 0A clear breakthrough for the quality of InAs/
As* 0 000 00 . . 0 • 0 .0 0 0 GaAs highly strained short period superlattices is

Ga 0 0 0 0 0 0 a) b) 0 0 0 0 0 0 0 obtained when metal atoms and arsenic are de-

posited alternately by monolayer increments at
\"aAs, \gAs / low temperature ( = 350 0 C). This modulated MBE

A" o 8 technique forces a layer-by-layer growth of the
00 0 0 0 00. * strained material.

0 00 00 0 0 00 0 00 0 0 0 0 0 0 0 d) d)O 0 0 0 0 0 0o

Fig. 3. Schematic model for the MMBE growth of a GaAs Acknowledgments
monolayer at low temperature ( 350 C).
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Real-time A-RHEED observations of GaAs surfaces during growth
with alternating source supply

Toshiro Isu. Masayuki Hata and Akiyoshi Watanabe *

Optoelec'ronics Technology Research Laboratory, 5-5 Tohkodai, Tsukuba. Ibaraki 300-26, Japan

The microscopic surface features of GaAs and AlAs during growth with an alternating source supply were observed by scanning
microprobe reflection high-energy electron diffraction in real time. Scanning reflection electron microscope images were obtained in
the TV %can mode (50 frames per second). The creation of Ga droplets was observed when Ga atoms over the critical amount
depending on the substrate temperature were supplied. They disappeared after a sufficient amount of As was supplied. When 5
monolavers of Ga atoms were supplied per cycle, small islands with bright contrast appeared due to three-dimensional nucleation
after As was supplied.

I. Introduction epitaxy (MEE). were observed in real-time by the

p-RHEED technique.

Reflection high-energy electron diffraction
(RHEED) is a very useful technique for observing
surface structures during molecular beam epitaxy
(MBE) growth. The growth mechanism of GaAs 2. Experimental
in MBE has been investigated through intensity
variations of RHEED spots [1-3]. Scanning mi-
croprobe reflection high-energy electron diffrac- he gn- iado system r a ni
tion (/t-RHEED) is a powerful tool for investigat- electron guni a signal-detection system of theing the growth mechanism through microscopic - RHEED spot intensity and an MBE growth sys-
surface observations during growth. Using this ter. Details concerning the system have beentechnique. images of monolayer steps at Si surfaces reported elsewhere [7]. Utilizing the intensity sig-nal of the RHEED pattern to modulate the dis-were obtained and their behavior during MBE was
observed (4]. The surface morphology of MBE- play brightness, a scanning reflection electron mi-
grown layers of GaAs were observed, revealing croscope (SREM) image was obtained. The sec-
that anisotropic surface undulations developed ondary electron microscope (SEM) image was also

durig gowth(51 It as lso oun tha Ga obtained using a secondary electron detector fac-
durig gowth(51 It as lso oun tha Ga ing the substrate in the growth chamber. We have

droplets were formed under deficient arsenic pres- tevethe at in t e ro t cm r eavesure and shrank due to a sufficient supply of developed an image storage system for real-time
arsenic s6. observations. The images can be taken in real timein this study, the microscopic surface features during growth in a TV scan mode at 50 frames perIn ths stdy, lsurigrothe m o i sfae falte second; they are monitored and recorded with aof GaAs and AlAs during growth with an alternat- video system. Integrated images of any number of
ing source supply, so-called migration enhanced frames from 2 to 2000 can also be monitored as an

averaged picture. The electron beam was designed
to be focused to 10 nm diameter, and the spatial

* Present address: Central Research Laboratory. Hitachi, Ltd., resolution of the image was about 50 nm for the
Kokuhunji. Tokyo 185, Japan. direction perpendicular to the incident azimuth.

0022-0248/91/$03.50 1 1991 - Elsevier Science Publishers B.V. (North-Holland)
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Fig. 1. SREM images during Ga supply on the GaAs substrate at 610*C. The time from the start of Ga supply is show in each
photograph: (a) just after starting: (b)-(d) at 1. 2 and 3 s after starting, respectively: (e) stopping: (0) I s after stopping the supply.

Marker represents I lsm.

The spatial resolution was mainly restricted by the In the present experiment, n-type GaAs (001)
mechanical vibration of the specimen, which was ±O0.1 wafers were mainly used as substrates; the
caused by the MBE system under the growth substrate temperature was set at 550-630 0C. The
conditions. azimuth of the incident beam was along [i10],
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with a glancing angle of about 1'. The SREM erties as the critical supersaturation ratio and the
image was taken using the specular beam spot. equilibrium concentration of Ga atoms. Although
The Ga and Al flux corresponded to 0.25-1.5 and the average distance between the droplets reflects
0.2 ML/s growth, respectively. The beam equiv- the diffusion coefficient of excess Ga atoms on a
alent pressure of As was (5-10) x 10-4 Pa. Ga or Ga-covered surface, further investigation concern-
Al was supplied alternatively with As on GaAs ing the characteristics of Ga atoms is necessary in
layers and/or AlAs with a 3 s interval between order to estimate the diffusion length.
each source supply. Fig. 2 shows SREM images when As was sup-

plied to the surface shown in fig. 1. The Ga
droplets shrank and then disappeared after suffi-

3. Results and discussion cient amounts of As were supplied. Bright regions
around the droplets were observed before they

Fig. I shows SREM images at every one second disappeared, as shown in fig. 2c. Since the Ga-rich
when Ga was supplied in an amount of 1 ML per surface was brighter than the As-stabilized surface
cycle at a substrate temperature of 610"C. Each under the present conditions of RHEED, the
image was taken from a still of the video. The bright region seemed to be Ga-rich regions. It is
video signal comprised an image integrated over considered that Ga atoms diffuse from the drop-
10 frames of TV scanning of the electron beam lets and form a monolayer of GaAs within the
(an averaged picture for 0.2 s). The dark areas in first 3 s of As supply.
the left-center in fig. la represent a marker show- Growth on a vicinal surface (20 off toward
ing the focusing condition. After 1 s from the start [110]) showed similar features regarding both the
of Ga supply, several dark spots appeared, as creation and annihilation of droplets. The density
shown in fig. lb. Though they increased in size of the droplets was nearly the same as that on an
during Ga supply, their number remained con- exactly oriented surface. A 2' vicinal surface
stants as shown in figs. Ic-le. The surface fea- would have an extra monolayer step at every 80
tures were unchanged after the Ga supply stopped. nm on the average, although it was obviously not
as shown in fig. lf. It was reported that Ga observed. This implies that the surface monolayer
droplets were formed when excess Ga atoms over steps accompanying the misorientation of the
As atoms were supplied during MBE growth surface have little effect on the surface migration
[6,8.91. These dark spots are considered to be Ga of excess Ga atoms. In other words, it is thought
droplets. At substrate temperatures lower than that more steps than those due to the misorienta-
580°C, Ga droplets were observed after more tion of the surface would exist even on a smooth
than I ML Ga atoms were supplied. At higher surface. On a rough surface which was prepared
temperatures than 610 C, the droplets appeared by growth under As-deficient conditions, however,
after only 0.25 ML Ga supply. A Ga droplet is the droplet density was increased. This is consid-
formed by the excess surface Ga atoms which ered to be due to a reduction of the diffusion of
have no bonds to arsenic. Because arsenic is easily excess Ga atoms. These facts mean that the mono-
desorbed at higher substrate temperatures, the layer steps do not make nuclei of agglomerated
surface co-. erage of arsenic is decreased during the excess Ga atoms but, rather, reduce the diffusion.
interval before Ga supply. The position where the When more than 5 ML Ga atoms were supplied
droplet appeared was random and different for in a cycle, a different surface feature was ob-
each cycle. The density of Ga droplets decreased, served. Fig. 3 shows sequential SREM images
being strongly dependent on increase in the sub- when a 5 ML amount of Ga were supplied and
strate temperature. Since the droplet is an ag- followed by an As supply. Just at the start of Ga
glomeration of excess Ga atoms on a Ga-covered supply (fig. 3a), only contrast coming from surface
surface, the density is considered to be determined morphology was observed. Ga droplets were ob-
by the surface diffusion of excess Ga atoms, the served on the surface after the Ga supply (fig. 3b).
flux density of Ga and such thermodynamic prop- When As was supplied, the Ga droplets started to
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Fig. 2. SREM image: during the succeeding As supply on the surface shown in fig. 1. The time from the start of the As supply is
shown in each photograph. Marker represents 1 I im.

shrink and then disappeared (figs. 3c-3e). Bright typical three-dimensional (3D3) diffraction. Images
spots appeared at the same positions where the were taken using the specular beam spot. It was at
droplets had existed (igs. 3e and 30., and became nearly the same position on the screen where a 3D
clear after sufficient As was supplied (fig. 3g). The diffraction spot appeared under the present dif-
RHEED pattern at the bright spot showed the fraction conditions. The bright areas are therefore
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considered to be 3D nuclei. It is well known that a served in real time by scanning microprobe
surface becomes rough when an amount of Ga RHEED. The features of creation and annihila-
over several monolayers is supplied in a cycle of tion of Ga droplets were observed. In the case of a
MEE growth. This is a direct observation of the large amount of Ga supply per cycle, 3D nuclea-
3D nucleation which causes surface roughness. tion of GaAs was observed. The 3D nuclei were
After a long interruption of growth under As found to diffuse after a long interruption of
pressure, it was observed that the bright spots growth. In AlAs growth on a GaAs layer similar
became diffuse and disappeared (figs. 3g and 3h). features were observed, but no droplets were ob-
The disappearance of the 3D nuclei was con- served on AlAs layers. The real-time observations
firmed by the RHEED pattern at every point of by the/z-RHEED will provide important informa-
the image. This phenomenon is thought to corre- tion concerning the epitaxial growth mechanism,
spond to the RHEED intensity recovery after
growth interruption.

In AlAs growth on GaAs substrates, similar
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within several cycles of growth. In AlAs growth on
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Realization of mirror surface in (111)- and (110)-oriented GaAs
by migration-enhanced epitaxy

Y. Takano, M. Lopez, T. Torihata *, T. Ikei, Y. Kanaya * *, K. Pak and H. Yonezu

Department of Electrical and Electronic Engineering. Toyohashi University of Technology. Tempaku-cho, Tovohashi 441, Japan

The layer-by-layer growth mode was readily realized on exactly oriented GaAs(1ll)B and GaAs(110) substrates by migration-en-

hanced epitaxy. This growth mode results in a mirror surface with low hillock density of - 103 cm -2 whicl ; 3 orders of magnitude
lower than the density obtained by conventional MBE growth.

1. Introduction 2. Experimental

In III-V epitaxial layers, (111) oriented struc- MEE and MBE growth were conducted on
ture has features attractive for optical devices [1,2]. exactly oriented GaAs(111)B and GaAs(1l0) sub-
The (110) plane has the advantage of being the strates with an accuracy for orientation of less
non-polar plane. which could solve the problem of than 0.1' and 0.5g. respectively. They were de-
charge imbalance in the interface for the zinc- greased and etched in 3: 1: 1 H2SO4 : H20 2 : H20
blende on diamond systems [3] such as GaAs on solution at 50°C. Then, they were heated in the
Si(110) [4]. Layers of GaAs(110) are also attractive MBE growth chamber at 650 0 C for 10 min with
because of the applications in avalanche devices an As4 flux in order to desorb a thin oxide film on
due to high impact ionization efficiency [5]. For the substrates. The growth was conducted at tern-
both orientations, the homoepitaxial growth on peratures between 500 and 600 C. The substrate
the exactly oriented substrates produced a poor temperatures were measured by a pyrometer.
surface morphology covered with many hillocks. The Ga beam flux intensity was estimated from
The growth conditions for specular surface mor- the period of the RHEED specular beam intensity
phology were investigated by using misoriented oscillation during MBE growth of GaAs. The typi-
substrates [6-8] or migration-enhanced epitaxy cal Ga and As 4 beam flux intensities were 2.2 X
(MEE) [9]. Few have reported on this growth 10-7 and 1.0 X 10 5 Torr, respectively. In MEE,
mode in exactly oriented substrates 110,11]. the number of Ga atoms supplied in one cycle was

In this paper, the growth mode was revealed adjusted to half of the number of surface Ga sites
by reflection high energy electron diffraction (0.5 monolayer) in order to investigate the growth
(RHEED) intensity oscillation for GaAs(Ill)B mode [14]. In one cycle of the MEE growth, the
and GaAs(110). The layer by layer growth was Ga shutter was opened for 1.1 s and then the As 4
realized in (111) and (110) orientations by MEE shutter was opened (Ga closed) for 2 s. Then, both
112], which resulted in mirror surfaces. These re- Ga and As 4 shutters were closed for I and 2 s in
suits were compared with those on GaAs(100) GaAs(lll)B and GaAs(110) growth, respectively.
growth. Epilayers of exactly oriented GaAs(100) were also

Present adress: Fuji Photo Film Co.. Ltd., 798, Miyanodai, grown by MBE and MEE as references.
Kaisei-machi. Ashigarakami-gun. Kanagawa. 258, Japan The specular beam intensity was monitored

* Present adress: Anritsu Co., Onna 1800, Atsugi, Kanagawa along the [110] azimuth using 25 keV primary
243. Japan. beam energy during the growth [14]. The epilayers

0022-0248/91/$03.50 i 1991 - Elsevier Science Publishers B.V. (North-Holland)
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were rown by MBE and MEE to a thickness of
1200 A and the surface morphology was observed a
by Normarski-interference contrast optical micro-
scope.

3. Results and discussion

Fig. la shows the typical specular beam inten-
sity observed in MBE growth of GaAs(100) at z
5000 C. Specular beam intensity oscillations were
easily observed, which indicated the two-dimen- "
sional nucleation mode [15]. The specular beam
intensity during MBE growth of GaAs(lll)B at
580'C is shown in fig. lb. The intensity oscilla-
tion was found during 3 monolayer (ML) of de-
position. but the specular beam intensity de-
creased rapidly and no oscillation was observed GA -iiLAsULLl
after 3 ML of deposition. The RHEED oscillation
has not been observed except under the above TIME
conditions. Fig. Ic shows the specular beam inten- Fig. 2. Specular beam intensity observed in MEE growth of

sity during MBE growth of GaAs(110) at 540'C. GaAs(100): (a) at 500'C: (b) at 540'C: (c)at 600 0 C.

After the initiation of MBE growth, the specular
beam intensity decreased without showing oscilla- and (110). however, the rapid decrease in specular
tion. No intensity oscillation has been found in beam intensity indicates the roughening of the
MBE growth of GaAs(110). growth surface, which coincides with the faceted

The two-dimensional nucleation mode is read- growth (three-dimensional island growth) ob-
ily obtained in MBE growth of GaAs(100) with a served. Layer-by-layer growth is difficult to be
large range of growth parameters. In GaAs(lll)B realized by codeposition of Ga and As4 .

The specular beam intensity in MEE growth of
GaAs(100) at 500'C is shown in fig. 2a. The peak
intensity of the As-stable surface was modulated

- -with a period of two cycles. Fig. 2b and fig. 2c are
D the specular beam intensities during the growth of
rn GaAs(100) at 540 and 600'C, respectively. The

amplitude of peak intensity modulation decreased
with increasing temperature.

Z b Fig. 3 shows the results on the typical specular
beam intensity during MEE growth of GaAs(111 )B
at 500. 530 and 560 0 C. At 500'C (fig. 3a). the
peak intensity modulation was observed with aC

C period of two cycles. At 530'C (fig. 3b). the
amplitude of the peak intensity modulation be-

IOsec came small. At 560'C (fig. 3c) no peak intensity
U modulation was observed.o_ TIMETM Fig. 4 shows the specular beam intensity ob-

Fig. 1. Specular beam intensity during MBE growth for (a) served in MEE growth of GaAs(I10) at 500, 530
GaAsI00), (b) GaAs(l 11)B and (c) GaAs(110). and 560' C. The peak intensity was modulated
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with a period of 2 cycles at 500 and 530°C. The
amplitude of modulation became small with in-

* creasing temperature and the modulation disap-
a-------------- peared at 560'C.

C6 NK"P&In.&L~tjkAK When the two-dimensional nucleation modc oc-
4 .I'iu".ru curs in MEE, the peak intensity of the As-stable

surface should oscillate with a period of two cycles
-- -due to 0.5 ML of GaAs growth per cycle [131.

Z \I1I1il1VH'11flI When the step flow mode occurs, the roughness of
z UUU U the surface should, not change, which leads to a

constant peak intensity in spite of the 0.5 ML of

< --------------- GaAs growth per cycle [13]. The two-dimensionalC

. -nucleation mode was readily realized by using
c ,rIIJ/ 1IIW MEE for (111)B and (110) orientations at 500°C.

liNo peak intensity modulation was observed above
a temperature of 530 C , indicating that the stepUU..flow mode was predominant in (11)B and (110)

Ga _JLJL orientations. This result suggests that a certain
As llil amount of steps exist even in the exactly oriented

TIME substrates. The difference in growth mode be-
Fig. 3. Specular beam intensity observed in MEE growth of tween MEE and MBE is remarkable for these

GaAs( Ill )B: (a) at 500 C: (b) at 5300 C; (c) at 560' C. orientations.

The (100) and (l11)B GaAs epilayers consist of
alternating planes of Ga and As atoms, while the
(110) GaAs has a non-polar surface which is com-
posed of equal numbers of Ga and As atoms. The
excess As, adsorption results in the facet forma-
tion in MBE growth of (110) orientation [7]. In
MEE growth of (110) orientation, the incoming

Z Ga atoms during no As 4 deposition adhere prefer-

ad a - .' - entially to the As atoms of the (110) surface
< because of low excess As 4 adsorption. The next

incoming As4 molecules react with the prede-
posited Ga atoms and form a GaAs(110) surface.

Z b --------l Therefore, there is no cause for three-dimensional
z l l island growth (faceted growth) in one cycle of

MEE growth unless Ga droplets are formed. This
< is consistent with the layer-by-layer growth mode
1 obtained in the (110) orientation. The desorption
r of As4 in excess (161 was realized by introducing a

Iperiod in which both shutters were closed. This
u Go _I_ was confirmed by the result that the specular

As IEJL. beam intensity increased during this period, as
seen in figs. 3a and 4a. Alternate supply of Ga
and As 4, and the reduction of excess As 4 adsorp-

TIME tion, is believed to suppress the faceted growth of
Fig. 4. Specular beam intensity observed in MEE growth of the (110) orientation.

GaAs 110): (a) at 5000C: (b) at 530*C: (c) at 560C. In MEE growth of GaAs(100), the two-dimen-
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sional nucleation mode occurred at temperatures
between 460 and 600" C. The decrease in peak
intensity modulation with increasing temperature 1 6 U

indicates that the step flow mode partially oc- E
E b

curred at high temperatures. However, the two-di-
mensional nucleation mode exists even at 600 °C > 0

where the step flow mode is dominant in (lll)B 0

and (110) orientations. This difference could be zw
due to the migration length of Ga atoms on the 0 a 0
As-stable surface during no As4 flux. For the "," a

(111)B and (110) orientations, each As atom of the 0102-
surface, without excess As4 adsorption, has only -j

one back bond to the incoming Ga atoms. There- -
fore. Ga atoms on the surfaces are unstable and I 1
can migrate freely to reach the steps under As 4  500 550 600

free conditions. On the other hand, each As atom TEMPERATURE M)

of the (100) surface possesses two back bonds to 1 'W
the incoming Ga atoms, which suppresses the k,,
migration of Ga atoms and the step flow mode.

Fig. 5 shows the hillock densities of GaAs(111)B rn
and GaAs(110) epilayers with 1200 A growth
thickness. For MBE grown epilayers. the density
was of the order of 10' cm-2 for both orienta- Fig. 5. Hillock densities for GaAs(Ill)B and GaAs(ll0) epi-

tions. The hillocks covered the whole surfaces, as layers: (o) GaAs(III)B by MBE: (a) GaAs(] 10) by MBE; (o)

shown in the microphotographs. The MEE growth GaAs(III)B by MEE: (e) GaAs(ll0) by MEE. Surface mor-

reduced the hillock density by two to three orders phologies of the epilayers are also shown. Markers represent 10

of magnitude and yielded a mirror surface for p m.

both orientations, as shown in the microphoto-
graphs. During the MEE growth, no damping was
observed in the amplitude of the specular beam
intensity oscillation (the difference between the layer-by-layer growth in MEE growth than in MBE
intensity during Ga deposition and that during growth. This leads to mirror surfaces of MEE
As 4 deposition). The specular beam intensity of grown epilayers on exactly oriented substrates.
the As-stable surface remained constant or slightly The decrease of hillock density with temperature
increased during growth, which has not been ob- is due to the increase of the migration length of
served in MBE growth. The hillock density de- Ga atoms.
creased with increasing growth temperature.

Good surface morphology of AIGaAs and GaAs
was obtained by Hayakawa et al. [1] using 0.5'
misoriented substrates and by Tsutsui et al. [61 4. Conclusions
using 1.50 misoriented GaAs(III)B substrates.
For GaAs(110). 60 misoriented substrates were
required for a specular surface [7). The steps are The layer-by-layer growth mode, which is hardly
considered to serve as growing fronts on the obtained by MBE, was readily observed by MEE
surfaces which have one back bond to the incom- for (Il1)B and (110) orientations. This growth
ing Ga atoms. The use of MEE increases the mode and low excess As4 adsorption can suppress
average migration length of the Ga atoms. There- facet growth and realize mirror surfaces with low
fore. less step density could be required for the hillock density.
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Fabrication of AlAs/Al/AlAs heterostructures by molecular beam
epitaxy and migration enhanced epitaxy
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ALAs/Al/AlAs heterostructures are fabricated on (001)GaAs by molecular beam epitaxy tMBE) and migration enhanced epitaxy

(MEE). The Al and successive AlAs layers are grown at room temperature by MBE and MEE. respectively, while the underlying
AlAs layer is grown at 600°C by MBE. Single crystal Al layers are grown successfully. The epitaxy relationship of Al with the
underlying AlAs layer is (0l1I00Al 11(001 A]110]AlAs. Detailed RHEED analysis elucidates the lattice relaxation processes of Al on
AlAs as well as the growth process. It is suggested that the initially deposited 2(l) ML thick Al layers occupy sublattice sites in the
AlAs lattice with the same lattice spacing as AlAs on As- (Al-) stabilized AlAs and that the lattice relaxation and the formation of the
fcc Al lattice is initiated during deposition of the 3rd (2nd) layer on As- (Al-) stabilized AlAs. The top AlAs laver is single crystalline
and grows in an island growth mode. The observed epitaxy relationship of AlAs on Al is (001)q11 0lAlAs11(0)11 I00AI.

1. Introduction on successful fabrication of device-quality semi-
conductor/metal heterostructures on GaAs sub-

Recently. the epitaxy of semiconductor/ strates [1.2].
metal/ semiconductor structures have attracted In order to fabricate device-quality semicon-
considerable attention because of their potential ductor/metal heterostructures, interdiffusion be-
application to metal-base transistors, permeable tween layers should be suppressed. We have ex-
base transistors, superconductor FETs, and vari- amined Al epitaxy, since Al is most frequently
ous novel devices [1]. In particular, the growth of used as a Shottky barrier metal. However. the
such structures on GaAs substrate is technologi- diffusion of Al and As is a seriously problem in
cally important. because of high electron mobility the Al/GaAs system [3,4]. Hence we have used
in GaAs. which may enable one to couple high- AlAs instead of GaAs to avoid the interdiffusion
speed GaAs devices with metal-base transistors, problem.
Moreover, semi-insulating GaAs is available, In this paper. we report the growth of
which is indispensable to fabricate monolithic de- AlAs/Al/AlAs heterostructures by MBE and
vices. However. there have been only few reports MEE. where Al and the underlying AlAs layers

are grown by MBE and the successive AlAs layer

* On leave from Tokai University. 117 Kitakaname. Hiratsuka. by MEE. The growth processes have been in-
Kanagawa 259-23, Japan. Present address: Chichibu Works. vestigated by RHEED. The following points are
Showa Denko K.K., Chichibu 369-18, Japan. elucidated: (1) the growth processes at the initial

0022-0248/91/$03.50 1991 - Elsevier Science Publishers B.V. (North-Holland)
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stage of heteroepitaxy, (2) the growth processes of 3. MBE growth of Al on AlAs
metal layer on semiconductor surfaces, (3) growth
processes of semiconductor layers on mctal The evolution of the RHEED pattern during
surfaces. epitaxial growth of A! on (001 O)AIAs with the [110]

azimuth is shown in fig. 1. Al was grown either on
an As-stabilized surface (fig. la) or on an Al-

2. Experimental stabilized surface (fig. 1b). The RHEED patterns
after growth of 50 ML thick AlAs prior to Al

We prepared a GaAs buffer layer of 1-2 /,m at deposition showed twofold reconstruction indica-
500-550°C on Cr-doped (001) GaAs with a con- tive of (2 X 4) reconstruction on an As-stabilized
ventional MBE system (ANELVA 830S). Subse- surface and fourfold reconstruction indicative of
quently. a 50 ML thick AlAs layer was grown at (4 X 2) reconstruction on an Al-stabilized surface.
600 'C, which showed a (2 x 4) reconstruction On commencing the Al deposition, the streaky
pattern. In order to obtain an As-stabilized surface pattern of AlAs gradually disappeared and diffu-
at room temperature, the substrate temperature sive diffraction spots corresponding to Al growth
was cooled down to room temperature after the began to appear. A clear spotty pattern was ob-
temperature of the As effusion cell was cooled served at the deposition of ca. 80 x 1014 Al
down. Then (2 x 4) As-stabilized or occasionally atoms/cm- or approximately 10 ML thick Al
c(4 X 4) As-rich AlAs surfaces were obtained. A layers.
(4 x 1) Al-stabilized surface was formed by a brief Fig. 2 shows RHEED patterns of an Al layers
dose of Al at 5000C under reduced As back- of 50 ML grown on an As-stabilized surface with
ground pressure. After the reduction of the back- azimuthal directions of [110] (fig. 2a) and [110]
ground pressure of As. the substrate was cooled (fig. 2b). Similar RHEED patterns were observed
down to room temperature. The deposition of Al on an Al layer grown on an Al-stabilized surface.
was carried out at room temperature with a de- Figs. 2c and 2d show corresponding schematic
position rate of 2.7 x 10' 4 atoms cm s ' as RHEED patterns with indices. From this analysis,
determined by RHEED oscillation, after the back- the orientation relationship of Al epitaxy on AlAs
ground pressure was reduced below I x 10 "Torr. was found to be: (011)[100]AI 1(001)[ll0]AIAs.
After the growth of an Al layer, the temperature that is. the so-called (011)AI-R orientation [6].
of As was raised again. The successive AlAs layer This epitaxy relationship was first suggested and
was grown at room temperature by MEE. in which demonstrated by Ludeke et al. for the Al/GaAs
the shutter sequence was set as follows: As of I heterostructure [9]. It is interesting to note that
ML (2.4 s) -- interval (5 s) - Al of I ML (2.4 only single orientation was observed from the very
s). This period was repeated 100 times to grow a beginning of Al epitaxy in the present experi-
100 ML thick AlAs layer. The AlAs layer was ments, although it was reported that thin Al layers
covered by a GaAs capping layer. contain domains of different orientation in the

The evolution of RHEED patterns was re- Al/GaAs epitaxy [7.8]. As the deposition pro-
corded by a RHEED observation system to in- ceeded. the spotty pattern became elongated.
vestigate the growth process of Al and the change Eventually, a streaky RHEED pattern was ob-
in lattice spacing at the surface. The RHEED served after the deposition of a more than 1000 A
observation system used in the present experiment thick Al layer. which is indicative of smoothing of
is described elsewhere 15], but with a better resolu- the surface. Moreover. the (001)AI surface showed
tion of 512 x 512 pixels with 8 bit intensity data. a (4 × I) reconstruction pattern after the deposi-

Selected films were subsequently studied by tion of a 3000 A thick layer, which confirms the
cross-sectional transmission electron microscopy observation by Massies and Linh [8]. The ob-
(TEM) in a JEOL 400FX 400 keV instrument. The served orientation relationship in the Al/AlAs
structural quality was evaluated with double epitaxy is the same as the orientation relationship
crystal X-ray diffraction technique. observed for Al/GaAs at high temperature. It is
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Fig. 1. Evolution of RHEED pattern during Al growth on AlAs buffer layers with (a) As-stabilized or (h) Al-stabilized surfaces with
11101 azimuth. In (a). pattern (1) is a RHEED pattern from an As-stabilized surface, while patterns (2)-(5) are those after the
deposition of Al: 12) 7.6x]14 Al atoms/cm>; (3) 17.9x 10" Al atomns/cm3

: (4) 25.5 x 10"4 Al atoms/cm3
; (5) 75.5x< 1014 Al

atonls/ciT. In (b). pattern (1)is a RHEED pattern from an AI-stahilized surface. while patterns (2)-(5) are those after the deposition
of Al: ( 2) 8.4x 10"4 Al atoms/cm3: (3) 19,7 x 10"4 Al atoms/cm1

: (4) 28.2 x 10"4 Al atoms/cm3: (5) 84.0Ox 10"4 Al atoms/cm1 .



224 T. Yao er t) Fabrication of AlAs/Al/A/As HSs by MBE and MEE

0
022

002 020

012 000 022

k 1(01 1)[ [100] AlI

022

200 000 100

k 11(01 1)[101 T] Al
(d)

Fig. 2. RHEED patterns of a 200 Athick Al layer grown on an As-stabilized surface with (a) [1101 and (h) [1101 azimuths: (c). Id)
corresponding schematic RHEED patterns with crystallographic indices.

suggested [6] that the latter is a consequence of tetrahedral Al-As bond. Hence, it is natural that
strong chemical reaction between Al and As lead- the (001 )AI-R orientation becomes dominant in
ing to Ga-As bond-breaking and formation of the Al/AlAs epitaxy.

()k I I If10J~ 1 5L-(b) k/11l 101

*~4.2-.

2

0 5 10 i5 20 25 0 5 10 15 20 25 30

Deposition of Al (1014 AIICM2) Deposition of Al (1014 AIICM2)

Fig. 3. Al surface lattice spacings along (a) 1ll01AlAs and (b) [1l01AIAs directions as a function of Al flux: (CI) on As-stabilized
surface: (A) on Al-stabilized surface.
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With the orientation relationship of Al epitaxy AM .
on AlAs described above, the lattice misfit along ktle)

the [ll0]AIAs direction of AlAs is estimated to be f
28.3% while that along the [110]AIAs direction is .
1.3%. Therefore, it is expected that the surface
lattice spacing of Al along the [011IAI I [ilOAIAs P
direction shows a drastic change due to the surfacelattice strain relaxation at the initial stage of epi-

taxy, while that along [100]AI111110]A1As shows 0 5 10 15 20
only sight change. In fig. 3a is plotted the surface
lattice spacing of an Al layer along the Deposition of Al (1014 Allcm2)

[100AI 1)[ [l0]AIAs direction against Al deposi- Fig. 4. The intensity variation of the (01) diffraction spot at the

tion. The surface lattice spacing remains almost initial stage of Al epitaxy with k Iil10IA[As.

unchanged and the onset of strain relaxation is
hardly observed. In fig. 3b, the variation of lattice
spacing at the surface along the [011]Al1 j[10]AIAs The surface lattice spacing of Al along the
during growth of Al is plotted against the amount [011]Al [ll 0]AIAs direction completely relaxes
of Al deposition (NAI). The surface lattice spacing at around NA, = N,2(As) = 2 CAIA. + ICAI, while
of Al along the [0111A] 1 [1l0]AIAs direction at the that along the [100]Al1 I[110]AIAs shows almost
initial stage of Al growth on an As-stabilized no change. Then, the third layer would form
surface coincides with that of AlAs when NA, is a (011) Al surface with a relationship of
less than Nct(As) = 18.6 X 10"' atoms cm - 2, while [01iJAl f[il0]AIAs and [100]AI II[l0]AIAs.
it decreases abruptly with further deposition and The first and part of the second Al atomic
eventually reaches that of bulk Al when NA, is layers deposited on an Al-stabilized surface would
larger than Nc,(As) = 21.5 X 1014 atoms cm - 2. On occupy the As and Al sites of (001)AlAs, respec-
an Al-stabilized AlAs surface, the surface lattice tively, because no lattice relaxation occurs until
spacing of Al in the same direction coincides with NAI = N(Al) = 2 CIA,. On depositing more Al
that of AlAs when NA, is less than N,,(Al) =11 x atoms, the lattice strain begins to relax due to the
1014 atoms cm-2, while it agrees with that of bulk formation of Al lattice and the lattice spacing of
Al when N, is larger than N, 2(Al) = 16.8 X 1014 Al at the surface along the [101]AIII[l10]AIAs
atoms cm - 2. The surface atom density of Al on completely relaxes at around NAI = N 2(Al) =

(001)AAs and (011)Ai surfaces is CAA, = 6.25 x CAIAs + CAI, while the lattice spacing of Al along
1014 atoms cm- 2 and CA, = 8.66 x 1014 atoms the [100AI I[110]AIAs shows almost no change.
cm - 2. respectively. We note that N.(As) = 3CAAs Therefore, the second Al layer would eventually
and N,2(As) = 2 CAIA1 + CAI, while Nt(AI) = 2 CAIA, form a (011)AI surface with the same orientation
and N1t(Al) = CAIA. + CA,. relationship as on an As-stabilized surface.

From these experimental data, we propose a Fig. 4 shows the intensity variation of the (01)
model for the initial stage of growth process of Al diffraction spot at the initial stage of Al epitaxy
on AlAs. On depositing Al atoms on As-stabilized on the As-stabilized surface with the electron
AlAs surface, Al atoms occupy Al sites on the azimuthal parallel to [ll0]AIAs. Note that with
AlAs surface due to tetrahedral covalent bonding this azimuthal direction, the change in lattice spac-
between Al adatoms and As on the surface. It is ing at the initial stage of growth was hardly ob-
suggested that the second and part of the third Al served (see fig. 3a). On commencing Al deposition,
layers occupy the As and Al sites of (001)AlAs, the intensity of the diffraction spot initially in-
respectively, because no lattice strain relaxation creases and reaches a maximum at the deposition
occurs until NAi = NI(As) = 3CAlS. Additional Al of ca. 6 X 1014 Al atoms/cm2 (= CAr), after
deposition of more than 3CAL,, causes lattice strain which the intensity decreases and becomes mini-
relaxation due to the formation of Al lattice, mum at the deposition of 13 X 1014 atoms/cm2
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4.5 nm

Al

"- ;,,, AlAs ..
.... --,- [I,I,2]A IA s ...... ,' -, ,

Fig. 5. Cross-sectional TEM image of the interface between Al and AlAs.

(= C ,). More deposition monotonically in- that the Al epilayer contains more crystalline im-
creases the diffraction intensity. Such behavior perfection than GaAs, it would be possible to
suggests that the first and the second Al layers apply the epitaxial Al film to device applications.
grow two-dimensionally. while the three-dimen-
sional growth starts during growth of the third Al
layer.

The Al/AlAs structure characterized during 4. MEE growth of AlAs on Al
growth by RHEED in fig. 1 was imaged in the
cross-sectional TEM micrograph of fig. 5. The In order to avoid interdiffusion of As into the
direction of the atom rows in Al and AlAs epi- Al layer. AlAs was successively grown at room
layers is consistent with the observed epitaxy rela- wan grow thetionship. For instance, the [112]AIAs direction is temperature on an Al epilayer. Fig. 6 shows the
tionhi.uFor ita the [ ]AI direction i evolution of the RHEED pattern during AlAsperpendicular to the 2IA direction. The inter- deposition with the azimuthal of [I10]AIAs direc-
face is relatively smooth on an atomic scale, and tion. On commencing AlAs growth, the streaky
the intrusion of As into Al layers is not observed. RHEED pattern changes into a diffusive spotty
The initial accommodation of Al without an ex-its osiioncorrspodin to one with weakened intensity, which suggests the
change reaction and its position corresponding to growth of single crystalline AlAs film in an island
that of AlAs does not contradict with the model.On te oher and inan A laer t arundthe growth mode. The observed epitaxy relationship
On the other hand, in an Al layer at around the in the AlAs/As system was (001)[ll0]AlAs 11(011)
interface, almost periodic array of dislocations, [100]A1 which implies that the AlAs overgrowth
which relax the lattice strain in Al, were observed has the same crystallographic orientation as the
by the electron microscope. GaAs substrate.

We have characterized Al epilayers by double
crystal X-ray diffraction technique. The diffrac-
tion showed only (220) reflection which is con-
sistent with the observed epitaxy relationship. The 5. Conlions
full width at half maximum of the X-ray rocking
curve of (220) diffraction from a 3000 A thick Al
layer was 0.06°. Although this value is lager than The structure and growth processes of single
that of the GaAs substrate (0.0130), which implies crystal Al layers on AlAs by MBE and of AlAs
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are (011)[100]AI I(001)[110]AIAs and
(001)[1l0jAlAs j(011)[100]AI, respectively. The
surface lattice spacing of Al along the
[01i]AIII[l0jAIAs direction suffers from abrupt
lattice relaxation at the deposition of 18.6 x 1014

Al/cm2 and 11 X 1014 Al/cm 2, respectively on an
As- and Al-stabilized AlAs and completely relaxed
at the deposition of 21.5 x 1014 and 16.8 X 1014
Al/cm2, respectively on the As- and Al-stabilized

surfaces. However, that along the (1001AI ([1101
AlAs remains almost unchanged. It is suggested
that initially deposited 2(1) ML thick Al layers
form a sphalerite lattice with the same lattice
spacing as AlAs on As- (Al-) stabilized AlAs, and
that the deposition of additional Al layers induced
the relaxation of lattice misfit strain and formed
an fcc lattice with bulk Al lattice constant. No
interdiffusion of As into Al was observed in terms
of TEM observation. Single crystal AlAs grows on
the Al epilayer in an island growth mode.
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Strained layer epitaxy of InGaAs by MBE and migration enhanced
epitaxy - comparison of growth modes and surface quality

Y.C. Chen, P.K. Bhattacharya and J. Singh
Solid State Electronics Laborator'. Department of Electrical Engineering and Computer Science, The University of Michigan, Ann Arbor.
Michigan 48109-212Z USA

Our measurements on a series of pseudomorphic n-type modulation doped field effect transistors have shown that the mobility of
the two-dimensional carriers appears to suffer from increased interface roughness as the strain increases. Reflection high energy
electron diffraction oscillation studies in ln,Ga- As grown by molecular beam epitaxy show that as the strain in the overlayer

increases, the growth modes change from layer-by-layer to three-dimensional island growth. However, in migration enhanced epitaxy.
we find that the growth remains in the layer-by-layer mode even for high strain. Reflection high energy electron diffraction

oscillations also show that surface roughness in strained layers grown by molecular beam epitaxy can be smoothed by just a few
monolayers grown by migration enhanced epitaxy. This suggests that for pseudomorphic devices most of the strained active layer
might be grown by molecular beam epitaxy but just a few monolayers oefore interface formation by migration enhanced epitaxy to
produce an abrupt interface. Our device results validate this observation.

!. Introduction 2. Growth modes in molecular beam epitaxy

Increased efforts have concentrated on the In the growth of InGa-As by MBE, since
growth of pseudomorphic heterostructure systems, atoms and molecules (Ga, In, As 4 ) impinge ran-
including InGa,-,As/AlGaAs (on GaAs sub- domly on the substrate, kinetics and thermody-
strates) and In,. 3  ,Gao.47As/InosA0.4 8As (on namics both play important roles in establishing
lnP substrates). Modulation doped field effect the growth modes. Thermodynamic parameters
transistors (MODFETs) based on these pseudo- such as surface bond-strengths and substrate tem-
morphic heterostructures have several advantages perature (free energy = internal energy - TX x
over their lattice-matched counterparts [1,21. Pseu- entropy) decide whether in equilibrium the surface
domorphic MODFETs contain a highly strained is atomically abrupt or three-dimensional in na-
pseudomorphic quantum well channel. It is ex- ture. Kinetic parameters (surface migration and
tremely important to understand the epitaxial evaporation) decide whether the thermodynamical
growth modes of such highly strained layers, since equilibrium is reached. If the surface migration
the growth modes control the growth front and rate of the impinging atoms is high and thermody-
interface roughness. The latter, in turn, controls namics favor an atomically abrupt surface, a
the transport properties of the pseudomorphic layer-by-layer growth mode results. On the other
channel and ultimately the device performance hand if the surface kinetics are very small or the
[3.4]. In this study we have investigated the suita- thermodynamics equilibrium state is not atomi-
bility of molecular beam epitaxy (MBE), and its cally flat, a three-dimensional growth mode will
variation, commonly known as migration en- result [5]. These growth modes can be studied
hanced epitaxy (MEE), for the realization of high in-situ by reflection high energy electron diffrac-
quality pseudomorphic heterostructures. tion (RHEED) oscillation studies [6,7]. In (100)-

0022-0248/91/$03.50 1 1991 - Elsevier Science Publishers B.V. (North-Holland)
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Ge on GaAs minimization techniques we have shown that the

>1LI. Tsutwmte=52O*C surface prefers to be formed from islands rather
iImIUmiithan have an atomically flat profile and that the

height (in monolayers) of the islands is given by

TIME n 3 2 w , R
°

Ino.53Gao.47As ON InP where W1/W 2 is the ratio of the nearest to second
Tsuib-trate

=
5
2

0
'
C neighbor bond energies, R, is the substrate lattice

constant and d, is the critical thickness. At criti-
cal thickness the strain energy equals the disloca-

Gt b tion formation energy. For lattice matched system
TIME (d, - c). n goes to zero. i.e., to an atomically flat

ONGassurface. However. as the value of d, decreases
Ga Ino3 Ga0 .AS ON Gas (i.e.. the lattice mismatch increases) we expect a

Tutrate= °
In Tsubstrate5 2 0 C three-dimensional surface. In figs. Ic and Id we

have shown RHEED oscillation data for growth
-i of strained In, 3Ga( TAs on GaAs and lnGaAs on

TM InP. respectively. As can be seen from this figure.
TIME in presence of strain the layer grows in a 3D mode

which is reflected bv the abrupt decay of the*+Ga.Iln In 0 6 3 Gao3,7s%/no5 3Gao047 As/inP R HEED oscillations.

Tsubstrate=52
0 C

d 3. Migration enhanced epitaxy-= d

TIME Since the minimum free energy for a strained
Iig. I. RHt)ED o,cillations ohberred during MBE growth (f system favors a 3D surface, the growth of strained
li) (ias on (aAa. ( d) In,, Ga, -A 01o InP. ) I - svstems cannot be improved by simply enhancing

the surface migration rate of the adatoms. One

expects the free energy to depend upon the surface

oriented growth. the energy difference between an reconstruction during growth. In MBE the surface

atomically abrupt and a rough surface results from
second neighbor bondstrengths under the ap-
propriate surface reconstruction. in absence of 1n .' ^ . -o 0
biaxial strain, if the second neighbor bond energy t M Ts16'

w. is larger than kT,,h , the equilibrium state is a
atomically abrupt and a layer-by-layer growth
mode can result if the surface kinetics are suffi-
ciently high [8]. In figs. la and lb we show
RHEED oscillations for the lattice matched growth
of GaAs and ln,,,Ga,,.As on InP. As can be b .Ir2Gaft T

seen from the sustained oscillations, layer-by-layer
growth occurs. i 1

In strained system, besides the second neighbor 0.0 20.0 40.0 60.0
bond energy, w,. one has to consider the strain rcer-s
energy in determining the thermodynamic equi- Fig. 2. RHEl) oscillations observed during growth of In,,.

librium state. Using a simple model and energy (ia, xAs h\ Mt.
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Ina0.ogt layer growth is possible, with long-lasting oscilla-
tions. Shown in fig. 2 are the observed RHEEDS-Ui,6EE - oscillations for growth of Ino.2Gao.,As by MEE.

Differences in RHEED patterns between MBE
and MEE are also observed for In,,a - ,As with

:. x = 0.3. In MBE growth, the RHEED pattern
o becomes spotty after a few monolayers are de-
$- posited. During MEE, the pattern remains streaked

even after 20 monolayers, suggesting the growth is
_ two-dimensional. RHEED studies also show that

surface roughness in strained layers grown by
MBE can be smoothed by just a few monolayers
overgrown by MEE, as evidenced by the restora-

O 20.0 40.0 60.0 80.0 tion of strong oscillations (fig. 3). This suggests
T'Tim. S that for pseudomorphic devices most of the

Fig. 3. RHEED oscillations observed during growth of In0 1  strained active layer might be grown by MBE and
Ga,,As with first fifteen monolayers grown by MBE then

followed immediately by MEE. just a few monolayers before interface formation
by MEE to produce an abrupt interface.

is anion stabilized with a (2 X 4) or c(2 X 8) recon-
struction. It is therefore important to examine
other possible surface reconstructions which might 4. Transport properties and device performance

change the surface chemical energy. Since MBE of
III-V semiconductors cannot be carried out under We have carried out experiments on both
cation-rich conditions because the excess cation GaAs-based and lnP-based pseudomorphic
causes non-stoichiometric growth, a practical ap- MODFET heterostructures. We will first discuss
proach is migration enhanced epitaxy (MEE) the results obtained from InP-based structures
[9.10]. grown by MBE. The schematic of a typical InP-

During MEE growth, group IIl and group V based structure is shown in fig. 4a. The sheet
fluxes are delivered alternately by shutter control. electron density in all the samples varied in the
The surface reconstruction thus alternates between range (2.0 x 3.2) × 1012 cm- 2. In fig. 4b we show a
cation and anion stabilized. If the shutter opening plot of the 300 and 77 K mobilities versus excess
time is adjusted such that one monolayer of atoms In content in the channel. MODFETs. with 0.8
are deposited in each shutter opening, layer-by- pm gate stripes, were fabricated on the hetero-

10 :b

a
150 A In0 53Ga0 47As n- (Sx lol l
200A fn0 52AItAs 77 K

150 A ln052A10 -s n* (Sx 5 cm -3 ) a 300 K
50 A In 2Al0 48A
woO A fnGal-.,As
400 A Ino sGa0o4?As
4000 A In0 5 AI.sAs 10,

[nAlAs/InG&As Superlattices I50 5 60 85 70 75 80 85
S. I. InP (100) Substrate In Cosoan %

Fig. 4. (a) Schematic of MBE-grown n-type pseudomorphic MODFET on lnP. (hN Hall mobilities of pseudomorphic MODFETs with
increasing indium content in the channel at 77 and 300 K.
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Table I roughness scattering can be described by the
DC and microwave characteristics of 0.8 x 150 p m gate MOD- scattering rate [4]:
FETs with pseudomorphic In ,Gal -,As/Ino.5 ,AI 0 .4As quan-

tum wells 1 = iTe4m* N

X gm. fT fn h N2A2f JI(kFL sin ) d4, (2)

(mS/mm) (mA/mm) (GHz) (GHz)

53 440 530 30 44 where N., is the sheet charge density, A is the
60 390 270 30 40 height of the 3D island describing the interface
65 510 500 40 52 roughness, L is the lateral extent of the island,
70 550 510 45 62 and kF is the Fermi vector. From the discussion
75 370 310 36 47 section 2 we expect A to increase abruptly when80 430 270 41 50

85 400 420 33 51 the strain increases - 2%, We expect that if A
increase to - 4 monolayers around this value of
strain, the mobility decreases at high In content
can be accounted for. The RHEED data of figs. Ic
and Id suggest that this is quite likely the case.
The existence of point defects is possible, but is

structures by standard photolithography and liftoff difit o dent Heer, in-siu scani
techiqus. ll he ampes ehibtedgoo pich- difficult to identify, However, in-situ scanningtechniques. All the samples exhibited good pinch- tunneling microscopy (STM) data for In 0 35Ga 06

off characteristics and output conductances in the on Ga s did s at 3

range of 10 to 25 mS/mm. The devices were clearly growth
occurs in the case of strained-layer epitaxy with

biased near their peak gm value for microwave large misfits. This supports our RHEED measure-
measurements. From the measured S-parameter, ment results.
the extrinsic values of fT and f, were extrapo- A MODFET grown by the MEE technique
lated. Table I shows the summary of DC and should suffer less from interface roughness scatter-
microwave characteristics measured for each of ing and, thus, have improved transport properties.
the samples. The good DC and microwave results To verify this argument. we have compared the
indicate the high quality of these layers. properties of GaAs-based Al),Gal) As/ lnO

The trend in the mobility data as a function of GGa,,,As MODFETs with 100 A ln,,.zGao ,As
In content observed by us - an initial increase channels. In one set the entire structure is grown
followed by a decrease at higher values of strain by MBE at 560C while in the other the last five
(in content) - has been observed by other authors monolavers of the In , G a tA s channel is grown
[ I 1]. Since the carrier mass is not expected to show of nn w
a turnaround, to explain the mobility data it is by MEE at 5600C. The latter exhibits improved

important to examine other scattering mecha-
nisms. The dominant mechanisms which could 6.6.0

explain the decreased mobility at higher In com- I

position are interface scattering and alloy scatter- MEE
ing. For the GaAs based structures, the alloy 4.0

scattering continuously increases as In composi- MBE
tion x is increased (since p cc I/9-2(1 - x)-).
However. for the lnP based systems the alloy ( 2.0
scattering should decrease since the alloy scatter-
ing peaks for a 50: 50 alloy. assuming the mass
does not vary. Thus unless some unusual cluster- 0.0

ing effects occur in strained epitaxy. one has to T-rpe, - K U

consider interface roughness as the source of thIe Fig. 5. Hall mobility as a function of temperature in Al,,

turnaround in mobility as the excess In composi- Ga,,As/ln,.,Ga,,,As MODFET structures grown by MBF

tion increases beyond - 15%. The interface and MEE.
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mobilities at temperatures ranging from 13 to 300 rough interface. From RHEED oscillation studies
K (fig. 5). The channel electron density in the two we note that it is possible to achieve layer-by-layer
structures is - 1.5 X 1012 cm-2 . 1 jm gate MOD- growth even at high strain by MEE. MODFETS
FETs made of the MEE samples also show ir- with the last several monolayers of the channel
proved DC transconductance and microwave per- grown by MEE also exhibit better performance
formance. For example, at room temperature gm than those with entire structure grown by MBE.
= 108 and 59 mS/mm in the devices grown by
MEE and MBE, respectively. Note that the low g.
values are partly due to the low electron densities Acknowledgements
and part of the difference is due to process varia-
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Improved device performance by migration-enhanced epitaxy

Pin Ho, S.C. Wang, T. Yu, J.M. Ballingall, P.A. Martin, K.H.G. Duh, S.M.J. Liu
General Electric Electronics Laboratory, Syracuse. New York 13221, USA

G.A. Hutchins and E.L. Hall
General Electric Corporate Research & Development Center. Schenectadv. New York 12301, USA

Migration-enhanced epitaxy (MEE) has been employed successfully to grow high quality GaAs buffer and lnGaAs channel layers
at 300°C. Planar-doped GaAs MESFETs with a thin MEE GaAs buffer layer have been fabricated for comparison with devices
using conventional MBE buffers. Our preliminary data indicate that the MEE buffer alternative offers reduced side-gating effect.

lower output conductance, better pinchoff characteristics and higher channel current. RF measurements indicate an improvement in

output power density, gain and efficiency for the MEE-buffered MESFETs. High electron mobility transistor (HEMT) devices
fabricated on modulation-doped pseudomorphic AIGaAs/lnGaAs/GaAs heterostructures with a thin MEE buffer layer yield higher
transconductance (gin). transistor gain, and unity current gain cutoff frequency (fT) compared to the conventional MBE-buffered
devices. Moreover. HEMT devices with an MEE lnGaAs channel grown at 300'C achieve comparable g. and fr to those with a
conventional MBE channel grown at - 500'C. Critical layer thickness of InGaAs on GaAs using the MEE method. under the
growth conditions reported here, is found to exceed that of MBE.

I. Introduction effect. photoluminescence (PL), and transmission
electron microscopy (TEM) are discussed. The

Migration-enhanced epitaxy (MEE). first intro- critical layer thickness of InGaAs on GaAs using
duced by Horikoshi et al. [lj in 1986 as an alterna- MEE and MBE methods are compared.
tive to conventional molecular beam epitaxy
(MBE). has stimulated a great deal of interest due
to its two-dimensional layer-by-layer growth 2. Material growth and measurements
mechanism and low substrate growth tempera-
tures. This method has been employed succe All of the samples were grown in a Varian
fully to grow high quality materials such as Ga. _en-II reactor on (100) LEC GaAs substrates and
[1,2], GaAs/AIGaAs [3]. AlAs/GaAs [1], or yielded good surface morphology. The beam flux
InAs/GaAs [4] quantum-well layers and to reduce intensities were set to (4.3-6.3) x 10 14 and (1.1-
surface morphological defects [5]. Recently, Tada, 1.8) X 1014 cm- 2 s-1 for Ga and In respectively.
yon et al. (61 reported improved electron transport The As 4 beam equivalent pressure was about 6 x
properties of Si-doped GaAs by the MEE method. 10- 6 Torr. A substrate temperature of 300 *C was
Nevertheless, no beneficial effects on device per- utilized for all of the MEE layers except as men-
formance using this technique, to our knowledge, tioned. Group ill and Group V beam fluxes were
have been reported. alternately supplied to the growing substrate with

In this paper, we demonstrate improved DC no interruption between switching. For instance,
and RF performance of the devices incorporating for the growth of lnGaAs layers, Ga and In
MEE buffer layers, and also report for the first shutters were opened simultaneously. The In con-
time the results using MEE lnGaAs channel layers tent was based on the calibration of the conven-
based on our preliminary data. Results of Hall tional MBE lnGaAs layer.

0022-0248/91/$03.50 r 1991 - Elsevier Science Publishers B.V. (North-Holland)
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the MEE InGaAs layer, were grown at 480-
30A Undoped GaAs 520 0 C.

Si-Planar~oping 5 X 10, cm42 The samples were characterized by Hall effect,
PL, and TEM. The Hall effect samples were step-
etched to the point of maximizing the measured 77

7ooA Undoped GaAs K electron mobility in order to minimize the effect

of parallel conduction in the GaAs and AIGaAs
Si-Planar Doping 5 X 1012 cm4  overlayers. TEM measurements were performed

on cross-sectional samples utilizing both bright
field and dark field imaging modes. Plan-view

0.8 1 Undoped GaAs imaging utilized two-beam diffracting conditions
in the bright field mode for assessing dislocation

0.11pm Undoped MEE GaAs densities down to a detection limit of 104 cm - 2 .

GaAs Substrate
Fig. 1. Layer structure of planar-doped GaAs MESFET with a

0.15 Am MEE buffer layer. 3. Device fabrication

Devices were fabricated on planar-doped GaAs
A simple, non-optimized layer structure of the MESFETs shown in fig. 1 with a thin MEE buffer

planar-doped GaAs MESFET. with a thin MEE layer in comparison with the conventional MBE
GaAs buffer layer, is shown schematically in fig. buffer, with a 0.7 pm gate-length. The gate-width
i. All the MBE layers in the MESFET structure and source-drain separation were 150 and 4 um.
were grown at 600 * C. Fig, 2 shows the AIGaAs/ respectively. For side-gating experiments, the
InGaAs/GaAs pseudomorphic HEMT hetero- gate-width was reduced to 50 am with a 25 pm
structures with an MEE-grown InGaAs channel separation between pads. The mesa isolation
layer. Modulation doping was provided by silicon breakdown voltages were measured at 10 pam spac-
atomic planar doping at a concentration of 5 x ing between mesas, after etching the mesas 0.15
1012 cm - 2 on top of a 40 A thick undoped Al pum past the planar doped active layer. 150 pm
GaAs spacer layer. The MBE buffer layer was wide HEMTs. with layer structure as illustrated in
grown at 600°C: the rest of the layers, except for fig. 2, with 0.15 um T-shaped gates were also

fabricated by E-beam lithography. The ohmic con-
tacts were formed by alloyed AuGeNi and the

300A GaAs gates by non-alloyed Ti/Pt/Au,

400A n AJGaks 4. Material characteristics and device results

IPlanar D For the 0.7 pim gate-length MESFETs, though

40A Unded MUM the extrinsic transconductances, g., are compara-
ble, 200 and 210 mS/mm for MBE- and MEE-

Undopad MEE InGaAs buffered devices respectively, the general trend is

that the MEE-buffered devices offer lower output

1 Prs Ud.od GaAs conductance, better pinchoff characteristics, and
higher saturation channel current (Id,). as sum-
marized in table 1. The mesa isolation breakdown

AAs Shaa* voltage of 45 V was obtained for the MEE-buffered
Fig. 2. Layer structure of AIGaAs/InGaAs/GaAs pseudomor- devices in comparison with a typical 30 V for

phic HEMT with an MEE channel layer. conventional MBE buffer.
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Table 1 function of side-gate voltage. The Is was then
D-C results of 0.7 jm planar-doped MESFETs normalized to the d.. As can be seen in the
Buffer 9., 1d. V.~i,0  Mesa figure, the MEE buffer layer eliminates the side-

(mS/mm) (-A) (V) breakdown gating effect up to a side gate voltage of about 6
(v) V, then the 'd,,/ds ratio decreases monotonically

MEE 210 50 2.0-2.5 45 with increasing voltage. Note that the thickness of
MBE 200 45 2.5-3.5 30 the MEE buffer layer used in this study is only

0.15 p~m. Further reduction of side-gating effect
can be expected by using a thicker MEE buffer

Fig. 3 shows the side-gating characteristics for layer.
the devices. With the gate grounded, the channel Table 2 summarizes the RF results of power
current Jr, was measured at Vd, 2.5 V as a and 2zai performance at 10 GHz for 0.7 um

5

0,0 2.0 40 6.0 80 100 120 14,0

Side-Gate Voltage (V)
Fig. 3. Side-gating characteristics for 0.7pum planar-doped N4ESFETs with an MEE buffer or an MBE buffer.

Table 2
RF results for 0 .7 #m planar-doped MESFETs measured at 10 0Hz

Buffer P~. Maximum PAE Gain Output power density MSG or MAG

MEE 5.5 35.8 7.1 0.34 13.6
MBE 5.5 26.0 5.6 0.27 12.5

Table 3
77 K Hall effect and growth data for modulation-doped In Gal - As HEMTs

Sample X Thickness Growth Growth Mobility Sheet charge
No. (A) method temperature (cnl 2/v .S) density

( *C) (cm- 2)

791 0.30 80 MEE 480 1000
797 0.30 80 MEE 300 10000 2.6 X1012

1041 0.22 100 MEE 520 1200
1043 0.22 100 MEE 300 16700 2.3 X 1012
1044 0.22 100 MBE 300 2800 1.9 X lot
1046 0.22 100 MBE 520 14700 2.6 X1012

1049 ' 0.22 100 MBE 520 15100 3.0Ox 1012

6) With an MEE buffer layer grown at 300*C.
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planar-doped MESFETs. All the measurements
were done at the bias conditions where the maxi-
mum power-added efficiencies (PAEs) were ob-
tained. Significant improvements in output power
density, gain and efficiency can be seen and dem-
onstrate the superior performance utilizing MEE
buffer layers. The maximum stable gain (MSG)
and maximum available gain (MAG) values de-
termined from the S-parameter measurements also
illustrate an improved gain for the MEE-buffered & samo 104
devices.

Table 3 lists Hall effect data for the AIGaAs/
InGaAs/GaAs pseudomorphic HEMTs with an
MEE or an MBE InGaAs channel layer grown at
various temperatures. As shown in the table, the
low growth temperatures are optimal for the MEE Sampe 1043

lnGaAs layers, while for the MBE channel growth.
the temperature has to be high (> 47 0 °C). The I I I I
degradation in electron mobility correlates with 9000 9500 10000 10500 11000

the dislocations a:; detected by TEM, or the In- Wavelength (A)
GaAs quantum well emissions by PL. Cross-sec- Fig. 4. 4 K photoluminescence scans of AlGaAs/lnGaAs/

tional TEM image of sample 791 shows a high GaAs pseudomorphic HEMTs with an MEE (sample 1043) or
defect density. The wavy contrast observed at the an MBE (sample 1046) channel layer. Laser power density = 31

lnGaAs/AIGaAs interface is due to interface
roughness [7.8]. Planar faults and threading dislo-
cations extend from the lnGaAs/AIGaAs inter- other than dislocations as mentioned above, was
face toward the top surface of the sample. 4 K PL observed in those layers. This is an interesting
scans show no emissions attributed to the quan- result, because GaAs grown by MBE at 300°C
tum well. Sample 1044 with an InGaAs channel and then heat-treated at a higher temperature
grown by MBE at 300'C yields a 77 K Hall (600'C) for a short time exhibits small (- 100 A)
mobility of only 2800 cm 2/V, s (see table 3). arsenic precipitates [9-11]. Their absence here may
Though cross-sectional TEM micrographs of this be due to MEE growth, the small thickness of the
sample are defect-free, point defects may still ex- layers, or the low growth temperature (- 500 C)
ist. Plan-view TEM shows some interfacial dislo- of the overlayers.
cations. Again, there is no PL quantum well emis- Low temperature PL was performed on these
sion from this sample. Samples 1043. 1046 and samples in an attempt to determine the quality of
1049, on the other hand, with good 77 K Hall the MEE InGaAs and GaAs layers. Fig. 4 shows
mobility and PL emissions, show no dislocations the PL spectra for samples 1043 and 1046. with an
in the cross-sectional TEM images. or in the plan- MEE and a conventional MBE InGaAs channel
view mode down to a detection limit of 10 4 cm- 2. layer respectively. Two peaks observed in each
The lnGaAs channel in samples 1043, 1044, 1046 spectrum are attributed to the n = 1 and n = 2
and the MEE buffer layer in sample 1049 have conduction-bano quantized states in the InGaAs
been carefully examined using high resolution quantum wells. The peak widths, or full widths at
TEM imaging. Sample 1049 is similar to the other half maximum (FWHM), are very similar for both
layers except for a 0.15 pm thick MEE buffer samples. Also, the FWHMs are typical of modula-
grown directly on the substrate and subsequently tion-doped pseudomorphic layers with a sheet
overgrown with a 0.85 Am thick MBE GaAs layer. density of (2-3) x 10'2 cm-2 indicating high
No evidence of arsenic precipitates, or defects, material quality for both MEE- and MBE-grown
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Table 4 lnGaAs channel thickness (x = 0.21). With in-
77 K Hall effect data for A1o,25Ga 0.75As/ln0 .21Gao 79As/GaAs creasing the MEE channel layer thickness from
pseudomorphic HEMTs with a 300 0 C MEE channel 100 to 175 A, the 77 K Hall mobility slightly

Sample Channel Mobility Sheet charge decreases. For 200 A the mobility drops drasti-
No. thickness (cm 2/V s) density cally to only 6100 cm 2/V • s. Therefore, we can

(A) (cm 2) say that the CLT of MEE InGaAs grown on

1228 100 12600 2.4x 1012 GaAs, under the growth conditions in this report,
1230 150 11400 2.3 X 1012 exceeds that of MBE for x = 0.21. The MEE tech-
1231 175 10900 2.4x1012 nique, in principle, could be exploited to achieve
1235 200 6100 2.2x) 1012 nqe npicpe ol eepotdt civhigher CLT, because of the low substrate tempera-

ture and the reduced growth rate, but in practice
the sample temperature needs to be elevated back

lnGaAs layers [12]. The shift of peak position is to above 470*C in order to grow conducting
partly due to a slight change of composition. All GaAs and AIGaAs overlayers for modulation dop-
of the GaAs. AIGaAs and InGaAs PL peaks ob- ing. Further development of low temperature MEE
served in sample 1049 (not shown) are similar to growth for the overlayers might lead to successful
those of sample 1046. Since, sample 1049 has an growth of the entire structure at 300 °C.
MEE buffer layer, these PL data indicate that HEMT devices were also fabricated on samples
with an MEE buffer, the quality of the MBE 1043, 1046 and 1049 for comparison. Table 3 lists
overlayers remains unaffected. The data also sug- the growth parameters and Hall data for these
gest that the MEE buffer is of reasonably high samples. Preliminary DC and RF data are pre-
quality as has been reported previously [1,31. An sented in table 5. The room temperature extrinsic
MEE GaAs layer grown separately exhibited emis- g. was measured at V, = 2.5 V. Maximum g. of
sion spectra due to free exciton and impurity- 1000 mS/mm was obtained from sample 1049
bound excitons. confirming that this is indeed the with a thin MEE buffer layer. while 930 and 880
case. mS/mm were obtained for samples 1043 and 1046

We have previously established the critical layer with MEE and MBE channels, respectively. RF
thickness (CLT) for single quantum well pseudo- measurements at 18 GHz yielded a minimum noise
morphic structures grown at low substrate temper- figure (Fm) of 0.8 dB at room temperature with
atures (- 480°C). At 480*C. the CLT can sub- an associated gain (G.) of 13.2 dB for sample
stantially exceed the Matthews-Blakeslee limit for 1049, which is the best in terms of noise perfor-
the single-kink failure mechanism because of the mance among those samples. Moreover, the _fT
slowed misfit dislocation kinetics 17]. For instance, value of 113 GHz was extrapolated from the h21

the CLT for x = 0.21 is found to be about 140 A. value for sample 1049, while samples 1043 and
The typical 77 K mobility is 14000 cm-,/V - s for a 1046 yielded comparable fT values of 84 and 86
pseudomorphic structure with a 120 A channel GHz respectively. Notice that the RF measure-
and x = 0.21. Table 4 lists Hall effect data for ments were performed on passivated devices. This
several pseudomorphic structures with varying the study demonstrates the superior performance of

Table 5
DC and RF results for 0.15 x 150 pm AIGaAs/InGaAs/GaAs pseudomorphic HEMTs

Sample Maximum Channel current Minimum noise Associated gain fT
No. extrinsic g,, at maximum gm figure at 18 GHz at 18 GHz (GHz)

(mS/mm) (mA/mm) (dB) (dB)

1043 930 260 0.9 12.0 84
1046 880 250 1.2 12.6 86
1049 1000 285 0.8 13.2 113
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the devices incorporating an MEE buffer layer. by the Air Force Office of Scientific Research
Also comparable device performance can be (AFSC) under Contract F49620-88-C-0054.
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Delta-doping of GaAs and A10.33Ga 0.67As with Sn, Si and Be:
a comparative study

J.J. Harris. J.B. Clegg, R.B. Beall, J. Castagn6, K. Woodbridge and C. Roberts
Philips Research Laboratories, Redhill. Surrey RHI 5HA, UK

We have performed a study of the contributions of segregation. diffusion and aggregation to the broadening of delta-doped planes
of Sn, Si and Be in GaAs and Al 0  3Ga0.6-As. Sn planes are severely broadened by all three processes. but sharp spikes of Si and Be
can be obtained in both host materials for sheet densities below 1 0 13 cm

- 2 
and growth temperatures of 500'C or less. At higher

temperatures or densities, segregation or concentration-dependent rapid diffusion may occur, causing significant spreading even
during growth. Co-deposition of Si and Be dramatically reduces this broadening, and various mechanisms are considered to explain
these effects.

!. Introduction studied. We have also investigated samples in
which Be and Si have been deposited simulta-

There are a number of mechanisms which can neously on the same plane, and have found that
influence the incorporation and distribution of the incorporation and migration of each species is
impurities in GaAs during growth by molecular strongly affected by the presence of the other.
beam epitaxy (MBE): these are principally surface
segregation and diffusion, although dopant aggre-
gation and autocompensation may also play a 2. Experimental
role. The presence of any of these processes at the
growth temperatures and dopant concentrations The samples were prepared by MBE in a mod-
used for the preparation of MBE samples may ified Varian MBE-360 system. using growth tem-
have undesirable consequences for the production peratures in the range 300-640'C and, in most
of controlled dopant profiles, a particularly strin- cases, a growth rate of 1 ptm/h, although values
gent situation being the growth of delta-doped between 0.1 and 2 pm/h were sometimes used for
(8-doped) structures [1-31. in which the aim is to comparison. The 8-doping planes were formed by
confine the impurities to a single atomic plane in depositing the impurity atoms (up to 4 × 1013

the crystal. cm - 2) whilst growth was interrupted by closing
We have studied the incorporation and diffu- the Ga shutter; the As flux to the surface was

sion processes of 8-doped planes of Sn, Si and Be maintained during this time. Usually, three planes
in GaAs [4-91 and Alo 33Gao.67As. using sec- were included in each layer grown. Three basic
ondary ion mass spectrometry (SIMS) to de- types of sample were prepared, with:
termine the total impurity distribution and elec- (a) planes of constant impurity density, but
trochemical capacitance-voltage (C- V) profiling successively lower deposition temperatures, for
to measure the electrical activity of the dopant. surface segregation studies;
From these results, we have deduced the tempera- (b) planes of constant density at constant deposi-
ture and impurity concentration ranges in which tion temperature, whe-e growth was also inter-
the various mechanisms are important in causing rupted between planes without adding impurities
departures from the ideal 8-doping structures; in order to enhance diffusion at the growth tem-
these ranges differ widely for the three dopants perature of the previously-deposited dopant;

0022-0248/91/$03.50 ' 1991 - Elsevier Science Publishers B.V. (North-Holland)
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(c) planes of different density at constant, low 1020 A

growth temperature, in which concentration de-
pendent diffusion effects were studied using post- 1o 9  

Be
growth annealing; the samples were placed face- '

to-face with undoped GaAs in an evacuated quartz

ampoule., and heated in a tee-zone furnace whose l 10 Al

temperature could be controlled to ±0.5 °C. I o
SIMS profiling was carried out in an Atomika " 10 r I

system using 2 keV O primary ions. The instru- I

ment resolution function has been determined 1016

using Si [10] and Be dopant planes deposited at I I

very low temperatures ( 400 ,C) where the pro- 10 15

files have been shown to be temperature indepen- 0 1000 2000 3000 4000 5000
dent, and hence not limited by diffusion or segre- Depth (A)
gation effects. These measurements have shown Fig. 1. SIMS profile of 1013 cm-2 

Be 8-doped planes in

that the minimum SIMS resolution is a full-width- Al 0 .13Ga 0 67As grown at (A) 500, (B) 550 and (C) 600 C. (The

at-half-maximum (FWHM) of 42 ± 2 A for Si and Al signal is scaled for convenience of display.)

56 ± 2 A for Be. The profiles are characterised by
an exponential decay of impurity content towards dopant segregation. Si and Be also show asymmet-
the surface, at a rate AL (expressed here in A/de- ric spreading which increases with temperature
cade). and towards the substrate at a rate XT. The [6,9,11], as illustrated in fig. I for three planes of
minimum values of AL were 14 and 16 A/decade
for Si and Be, respectively, and of A T , 35 and 75 Dopant Host Ref.
A/decade: the greater values for AT are due to a 1000 - Sn GaAs [5]
SIMS "knock-on" mixing effect. - Si GaAs [6]

Be GaAs [9]

3. Results and discussion A- Be AIGoAs Th,s work

In the following sections, we will consider the -10,
role of each broadening mechanism, i.e. segrega- /
tion. diffusion (both during and post growth) and
surface aggregation. in determining the distribu- /
tion of the three impurities Sn, Si and Be. and the , loo

combination of Si + Be, when deposited as a
dopant plane. L

3. 1. Surface segregation A-- /A

This is manifest as a preferential spreading of . 0-1-- - -

the dopant in the growth direction, usually with .- - SIMS limit
an exponential decay of the concentration towards -

the surface. It has been known for many years 10 400500 600
that Sn exhibits this effect very strongly, and we Got tp t ( C

have previously [51 interpreted the temperature Got eprtr c
ae fluxepreusly on1aiterpretd tpare Fig. 2. Surface segregation behaviour of Sn, Si and Be in GaAs
and flux dependence on a model which takes and Al0 3Ga 0 67As. The exponential decay rate of the impurity
account of kinetic limitations due to the competi- concentration in the growth direction is plotted as a function
tion between the GaAs deposition rate and the of growth temperature.
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Be in A10. 33Ga 0 67As, deposited at 500, 550 and tances 10 to 100 times greater than those observed
600 0 C. The slope of the profile on the surface for Si and Be. In all these samples, the values of
side of each peak, XL, increases from 28 A/decade XT were independent of temperature, and the in-
at 500'C to 53 A/decade at 600'C, whereas A T  crease in FWHM was consistent with the increase
is constant at 88 A/decade, and results from in XL, indicating that diffusion effects were not
SIMS mixing. These results, together with other contributing significantly to the shape of the pro-
data for Sn in GaAs and Si and Be in both GaAs files.
and Al 0.33Gao.67As are compared in fig. 2. This It has been suggested [11,12] that band-bending
shows that, while the segregation rates of Si in at the surface during growth would provide a field
GaAs and A10 33Ga0 67As are similar, and com- in which the ionized dopants would drift, giving
parable to that of Be in A10. 33GaO67As, Be in rise to the observed spreading. In order to test the
GaAs shows a significantly smaller effect; Sn in role of this and other charge-related effects in
GaAs. on the other hand, segregates over dis- dopant migration, two samples were prepared at

600'C with 3 and 4 planes of 10 13 cm - 2 Si atoms.
different amounts of Be being deposited simulta-

A B C D E F G neously on each plane: the nominal Be densities

110 19 used were 0, 1. 2.5, 5. 7.5, 10 and 15 x 10'2 cm -2 .
Fig. 3a shows a composite profile of the two layers

1)18 Ias-grown, and fig. 3b. the result of annealing for
I° I 3.5 h at 650 0 C. In the as-grown state, all the Si

'
I  

I spikes show asymmetric broadening. with X, val-1017 i 1I ues of 90 ± 6 A/decade, independent of the

amount of Be deposited, even though in one plane
it Since the net charge

on the 8-plane will have a strong effect on the
Sl surface field during the subsequent growth of

105f GaAs, this seems convincing ev',ence that the
surface field is not responsible for Si surface segre-
gation. However, X, for the Be peaks increased

1 i019I  systematically from 24 to 37 A/decade as the Be
density increased, supporting the proposal [111

u 18 that surface field effects are influencing the surface
10 ! 8 segregation of Be.

) 3.2. Diffusion

I A planar impurity profile may broaden by dif-
fusion either during the growth time required to

I i deposit the rest of the sample. or subsequently

o5I during post-growth heating such as may he re-
0 200C 4000 6000 8000 quired for device processing.

Depth (A)

Fig. 3. SIMS profile of 8-doped planes, co-doped with Si (solid 3.2. !. Growth-time diffusion
lines) and Be (broken lines). (The arrow marks the su face of Fig. 4 shows the gradual broadeiing of Si 8-
the layer containing peaks E, F and G). The measured Si doped planes with time (up to 75 min) at a growth
density on each plane is 1.3x 10" cm 2. and the Be densities temperature for Al Ga 7 As of 550 0 C, with the
are (A) 0. (B) 0.098) 10'". (C) 0.25x 10'". (D) 0.47 X 10" . (E) oLi,
0.70× 10", (F) 0.95 x 0Io and (G) 1.40x 10" cm -2. (a) As- FWHM increasing from 74 A at the surface to 180

grown: (b) after 3.5 h at 6500 C. A for the deepest spike; this corresponds to a
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1o20 corresponded to a diffusion coefficient, D, at
F A BC 550 0 C of _-5X 10- 16 cm2 s-1 . This is about

1019 3 15 l5 three orders of magnitude greater than expected
s1 1 [13], although more recent work [14] has suggested

E that D is concentration dependent, which may
0 _ .... . explain the discrepancy. Indeed, there is a wide

II range of literature values of D for all these
2 7 dopants. a situation which we believe can only be

o r1 reconciled by taking into account the concentra-
10 Ition dependence and non-Fickian behaviour of the

diffusion process. There is an indication of non-

0 1000 - 2000 3000 i0 5000 ideal diffusive behaviour in fig. 3a, where we
1 o0o 2000 3000 4000 5000 observed a clear difference in FWHM between the

Depth (A) "Si only" spike, A, which is 200 A wide, and all

Fig. 4. SIMS profile of 1013 cm 2 Si 6-doped planes in the others (FWHM = 90 ± 10 A). suggesting that
Al,, 1(;a,,As grown at 550' C. with arrows corresponding to the co-deposited Be has reduced growth-time dif-

growth interrupts for the number of minutes indicated, fusion of the Si. However, more convincing evi-

dence has been obtained from post-growth diffu-
dfuiI10 cm s The sion studies of samples with planes of different

diffsioncoeficiet ofI Xdopant density. and these are discussed below.
equivalent results for the other dopants are sum-

marised in table 1. from which it can be seen that,
at a sheet density of 1013 cm-2, Si and Be have the 3.1.2. Post-growth diffusicn

same diffusion coefficients in GaAs and The concentration dependence of the diffusion
Al, ,Ga,, 7As. with the values for Be being slightly process for Be in Al,, 3 Gal 67As is clearly demon-

lower than those for Si. (All diffusion constants strated in fig. 5a. which is the SIMS profile through

quoted here have an estimated error of a factor of three planes of nominal densities (A) 0.4 x 1013.
2.) The result for Sn in GaAs was achieved by (b) 1 x 10'3 and (C) 4 x 1013 cm 2 at 500'C. At

using a sample in which the growth temperature this relatively low growth temperature. peak B is
was lowered from 550 to 295°C immediately after narrower than the corresponding 600'C spike (B

deposition of the Sn, at which temperature 100 A in fig. 4), but the highest densit) peak C is broad-
of GaAs was grown to incorporate all the Sn ened to a FWHM of 380 A. indicating a much
before returning the sample temperature to 550 0 C. higher diffusion coefficient. Similar behaviour has
This was repeated three times, with 1100 A of been observed for Si in AI,. 3 Ga..,7 As. and 'or Si

undoped GaAs. plus a 30 min growth interrup- and Be in GaAs [8.9,111. Post-growth annealing of

tion. between each plane. The observed spreading these layers reveals that, even after correcting for
the instrument response function of the SIMS [10].
the spreading of the profiles with time. t. does not

rable I obey Fick's Law. which for a Gaussian profile
Growth-time iiffusion of 10"' cm delta-doped planes of Sn. gives
Si and Be in GaAs and Al,, 1Ga,,,,As

Dopant Host Temperature Diffusion constant (FWHM)- = 16 In 2 (Dt). (1)
(,C) (cm2s )

Sn GaAs 55 5 X0 Instead. the effective diffusion constant. D'. ob-
Si GaAs 550 1 Xi0 16 tained from fitting eq. (1) to the data, gradually

Al]aAs 550 1 x 10 5 decreases as the anneals progress. This is, of course.
600 1.5 x 10 consistent with a diffusion rate which depends on

Be GaAs 600 4 Xlo concentration, since the impurity density falls as
SXthe profile broadens. In order to make a meaning-
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1020 the latter result is consistent with our data, but the
A Corigin of the difference in the Si results is unclear.

1019  Several models have been proposed to account

:I Be for these rapid, concentration-dependent diffusion

10

D
1B 1 A I effects: for Si. the observation of auto-compensa-

tion in the diffused profiles (a factor which we
i have confirmed by C- V and local vibrational

, mode (LVM) measurements [8]), has led to the
suggestion that Si( -Si,, pairs are *he diffusing
species [18], while Be is expected to behave like
Zn. for which an interstitial-substitutional mecha-
nism has been proposed [19]. Recently Schubert et
al. [3,11] have pointed out that mutual repulsion
between the charged dopant atoms might be ex-
pected to add a drift component to the dopant
migration: however, this is only expected to be

z significant at densities above 102" cm - Neverthe-
less, the results for the co-doped layers shown in
fig. 3. particularly the data after annealing at
650'C (fig. 3b) indicate that ionic charge effects

Ican apparently be significant: for Be, diffusive
broadening of the type shown in fig. 5b is com-
pletely removed by the presence of co-deposited

Si. and the Be concentration is clearly having a
• '_ J systematic effect on the rapid diffusion of Si.

" ,00 2000 3o0 40oC 5000 Since the dopant densities are below 102" cm 3 it
0epth ,seems likely that drift effects are not responsible.

Fig 5 SIMS profiles of Be 8-doped planes in A lGa,,.As. and that a different model is required to explain
of densities (A) 0.4 10'". (B) 1 x liW and (C) 4x 10 cm -

ia) -groA n at 5(g0C: b) after 1.5 h at 650 ' C.

Fable 2
Effective diffusion coefficient for Si and Be delta-doped planes

te in (i~ an AI ia,, A after post-grosth annealing~ for

ful comparison, we have listed in table 2 the h ann5l)0f

values of D' for Si and Be in GaAs and 3.5_h_ ____5_°C

AI,, ,Ga,,,.As with three different densities on Dopant Host Sheet density Effective diffusion1I))cii t) coefficent

the original planes. after annealing for 3.5 h at fcient

650'C. These results indicate a strong depen- )

dence on carrier density, with slightly higher diffu- si Gas 0.4 2-, 1)

sion rates in Al, ,Gao ,As than in GaAs [151. 4 7, 10

fhe data for Si planes of 4 X 1012 cm 2 indicate AlGaAs 0.4 4 \ I)

that diffusion is Fickian at this density, and. for 1 5 10
the (;aAs layer, good agreement is obtained with 4 I 10

the value obtained by Schubert et al. [161 for this Be IAs (.4 2K 1) .
density of dopant after a 5 s rapid thermal anneal 4 S 10
at 6500C. However. their results for Si in Al(iaAs 0.4 6 1o
Al 1 Ga,,,As [171 and Be in GaAs 1111 are con- I I XII,

siderably higher than ours: since we observe non- 4 4O))

Fickian diffusion for Be even at 4x lt)1 2 cm 2 ' After 1.5 h.
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the stability of the Be peaks in fig. 3b. One possi- the reason why the free electron concentration of
bility is suggested by the LVM measurements of 8-doped planes appears to saturate at about this
Mohades-Kassai et al. [20] on thick layers co- level [1], the excess Si being incorporated into the
doped with Si and Be, where evidence of Si'a-Bea islands. A central spike is also visible in peak C of
next-nearest-neighbour pairing was found; such a fig. 5b, for Be in Ala. 33Gao.67As , although none
complex may have a low diffusion coefficient. were observed for Be in GaAs [9,11]. It is possible
Alternatively, the presence of Si may simply in- that this also corresponds to aggregated material
hibit the transfer of Be from a substitutional site [22], but further work is required to confirm this.
to the rapidly-diffusing interstitial state [21]. The
effect of post-growth annealing on the Si impurity
distribution is more complex, with varying 4. Conclusions

amounts of rapid diffusion being apparent; as the
amount of Be increases, the diffusion profiles nar- Wn agregation, diffuin
row asymmetrically, with a more pronounced ef- and aggregation behaviour of Sn. Si and Be in- GaAs and Al0 .33Ga0 67As. Delta-doped planes of
fect on the substrate side of the a-plane than on

the surface side. Again, the "drift plus diffusion" Sn exhibit severe broadening due to all three
model does not seem applicable in this case, and mechanisms, whereas for sheet densities of lessthan 1013 cm -2 relatively sharp spikes of Si and
the results may once more be due to the formation Be can be obtained in both host materials at
of low-mobility Si-Be complexes. However, an
alternative explanation is also offered by the work growth temperatures of 50 C or below. Forof Mohades-Kassai et al. [20] on thick co-doped higher temperatures and/or densities, diffusion

of Mhads-Kasaiet l. [0] n tick o-dped becomes important, with concentration-dependent
layers, where it was found that in the presence of becme impon with conntopendent
excess Be, Si will not occupy As sites. This Fermi- rapid diffusion processes coming into play. Sig-
level related effect will thus inhibit the formation nificant changes in behaviour have been observed

of Si ,,-Si , pairs. and prevent the rapid diffusion by co-depositing Si and Be on the same plane,

process. The asymmetry seen in the profiles is suggesting that drift effects due to ionic charges

simply the consequence of the original surface may play a part in the broadening process: how-

segregation of the Si: this means that the surface ever, other interpretations are also possible. so
that the situation remains unclear.

side of the co-doped peaks will be more n-type

than the substrate side. and hence more likely to
exhibit rapid diffusion. References
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Comparison of delta doped GaAs grown by MBE and GSMBE
using different arsenic species

M.T. Asom. G. Livescu, M. Geva, V. Swarninathan, L.C. Luther, R.E. Leibenguth, V.D. Mattera
A T& T Bell Laboratories, Breinigsville, Pennsylvania 18031, USA

E.F. Schubert, J.M. Kuo and R. Kopf
AT& T Bell Laboratories Murray Hill. New Jersey 07974, USA

We have compared the extent of spatial confinement and the optical properties of Be and Si delta doped GaAs grown by gas
source and solid source MBE. The delta doped samples were grown at a substrate temperature of 500'C. The two-dimensional
doping density we employed in our comparisons was less than 5 x 1012 

cm-
2 Secondary ion mass spectrometry and capacitance-

voltage measurements indicate insignificant differences in the spatial distribution of Si and Be for structures grown using As4. As,
and AsH,. Optical measurements indicate that the quality of the doped layers grown with AsH* are superior to those grown with
solid As source. Our results are explained in terms of defect passivation by H and by the presence of As monomers as the dominant
arsenic specie during gas source MBE. We shall also discuss a novel method of obtaining planar doping.

I. Introduction semiclassical methods, and experimental data on
the dopant localization can be resolved if back-

Delta doping of semiconductors is becoming ground doping and extrinsic defects such as DX
increasingly important because of scientific be- centers are taken into consideration. There has
nefits of engineering two-dimensional structures also been a report on improved localization of Be
[1-3] and the potential technological applications and Si for growth by GSMBE 17] as compared to
in electronic and photonic devices. Delta doped conventional MBE growth using As4 . In this paper,
structures can be used as non-alloyed ohmic con- we report on a study in which we have examined
tacts to GaAs [4], as Schottky gates in field effect the role of unintentional background doping and
transistors [5] and as doping superlattice in spatial the influence of the crystal growth method on
light modulators and edge emitting diodes [2]. In delta doped GaAs. We have compared for the first
the conventional delta doping of GaAs, growth of time spatial confinement and photoluminescence
GaAs is interrupted while a dopant atom is de- properties of Be and Si delta doped GaAs grown
posited on the crystal surface and subsequently using As1 (from AsH,), As,. and As4 .

the growth is resumed. Ideally, the profile width of
the dopant should be comparable to a lattice
constant. Experimentally, however, deviations 2. Experimental
from the ideal delta function occur, the profiles
may become as broad as 200 A at high growth The delta doped GaAs samples were grown in a
temperatures. Two factors that affect the spatial Varian Gen II gas source MBE chamber at a
confinement of the dopants are the diffusion and growth temperature of 500 0 C. The V/Ill ratio
segregation of the impurities. Recently, Zrenner was obtained by measuring the beam equivalent
[61 has argued that the discrepancies between the- flux ratio with an ion gauge in the substrate posi-
oretical calculations based on self-consistent and tion. An AsH 3 flow rate of 4 SCCM was em-

0022-0248/91/$03.50 T 1991 - Elsevier Science Publishers B.V. (North-Holland)
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ployed in order to maintain a V/Ill ratio equiv- semi-insulating GaAs substrate. An undoped

alent to that obtained by using solid As sources. A spacer layer of GaAs was grown on top of the

GaAs growth rate of 2.5 A/s was employed. The buffer, followed by deposition of the dopants.
chamber was fitted with an elemental As cracking Finally an undoped GaAs cap layer, 200-2000 A
furnace [8] and a low pressure hydride injector. thick was grown. The delta doped samples were
The solid As cracker provided As4 and As 2 species. characterized by capacitance-voltage measure-

In the GSMBE approach, the group III fluxes are ments on reverse biased Ti/Au Schottky diodes,
provided by elemental Ga and the group V sources mercury Schottky barriers and also by an electro-

are hydrides; in this case, arsine. The conventional chemical profiling method (Polaron). Secondary

delta doping was accomplished by interrupting ion mass spectrometer (SIMS) profiles of the
growth of Ga (closing the Ga shutter) and opening dopants were obtained with a Cameca IMF-4F

the dopant shutter (Si or Be) for a given duration SIMS instrument using 0' primary ion source.

of time and subsequently resuming growth of Photoluminescence (PL) measurements were per-

GaAs. (We have also accomplished planar con- formed at room temperature and also at low tem-
finement by a novel method whereby the Ga and perature using the 5145 A excitation line from an
dopant atoms are introduced at the same time. argon laser.
The advantage of this method is that it eliminates
growth interruptions which may result in accumu-
lation of impurities during the delta doping phase.) 3. Results and discussion
Two-dimensional doping densities between 8 x
1011 and 4 x 1012 cm- 2 were employed for the Figs. la and lb show typical C-V profiles of Si

comparisons. The growth temperature was main- and Be delta doped GaAs grown by conventional

tained at 500'C in order to minimize impurity MBE with As 4 sources. The Si peak in fig. la
diffusion and redistribution that would occur at occurs at a depth of 986 A, from the surface, as

higher substrate temperatures. A typical growth expected from reflection high energy electron dif-

sequence consists of a Si or Be doped or undoped fraction calibrations. The maximum electron con-

buffer layer on top of a (100) oriented n-type or centration is 7.7 X 1018 cm - and the full width at

1 6 " - a 10 ' b

9 FwHm 4oA
0.? FWHM =40A

i I 1018l:

0

10 60 1060 9;; 1020 1120

Depth. Z (A) Depth, Z (A)

Fig. 1. C - V doping profiles of Si and Be delta doped GaAs. The samples were grown at 500 * C using As4. We did not observe
significant differences between the FWHM of the C-V profiles of samples grown with As4, As 2, and As1 (AsH 3).



248 M. T. Asom et al. / Comparison of delta doped GaAs grown by MBE and GSMBE

half maximum (FWHM) is 40 A corresponding to grown at a low temperature of 500 C is unaf-
a two-dimensional density of 3.2 X 1012 cm- 2.Fig. fected by the nature of the As species employed
l b shows the C-V profile of Be delta doped GaAs during growth. The main difference between our
grown using As 4. The Be peak is located at results and those in refs. [7,9] is that we employed
a depth of 1002 A and the maximum hole con- low two-dimensional C-V doping densities (< 5
centration is 5.1 x 10' cm -3 . The FWHM is mea- x 1012 cm-2). The dependence of C-V width on
sured to be 40 A resulting in a two-dimensional two-dimensional doping density has been given by
doping density of 2 x 1012 cm- 2. We obtained Schubert et al. 1101. The C-V FWHM is found to
identical results on samples grown under the same decrease as the doping increases. Our measured
growth conditions except with As1 and As 2 replac- value of 40 A for Si is lower than the theoretical
ing As 4. C- V measurements were also done on Si prediction from self-consistent calculations. An
delta doped GaAs with a C-V doping density of interesting observation from these measurements
I X 1012 cm - 2. The FWHM of these profiles were can be made regarding the activation efficiency of
generally of the order of 75-80 A for growth using the dopant atoms for growth at 500 * C. The elec-
As 1, As 2, and As 4 . trical activation efficiency of Si and Be is calcu-

Fig. 2a shows the SIMS profile of Si delta lated by taking the ratio of the C-V concentration
doped GaAs grown using As4 , the maximum Si and the SIMS concentration. The donor and
concentration is 4 X 1019 cm and a FWHM of acceptor activation efficiencies of 26% and 57%
47 A is measured. The sample grown under identi- were obtained for Si and Be, respectively.
cal conditions by GSMBE yield a FWHM of 45 Fig. 3 depicts a SIMS profile taken from a
A. A SIMS profile of Be delta doped GaAs is structure consisting of two Be delta doped spikes.
shown in fig. 2b. The Be concentration is meas- The sample was grown at 5150C with AsH 3
ured to be 8.9 x 1018 cm - 3 with a FWHM of 47 source. The first spike at 200 A was obtained with
A. A similar profile was obtained for growth using the novel approach and the peak at 650 A was
As, with maximum Be concentration of 8.9 x 1018 obtained following conventional delta doping. The
cm - 3' occurrin at a depth of 1000 A and a FWHM of both spikes is approximately 55 A.
FWHM of 49 A. The SIMS profile of Be grown This result reveals an alternative method of ob-
using AsH 3 indicates Be concentration of 6 x 1018 taining delta doping without growth interruption.
cm - and a FWHM of 45 A. A similar method has recently been reported by

It is clear from the C-V and SIMS measure- Kim et al. [11].
ments that the distribution of Be and Si in GaAs PL measurements were employed in order to

lop
14.SkV 02 a 3keV 02*
T =500*C T = 500'C
As FWHM = 47A As

10 : -s GuQs: &-Be

.. FWHM - 47A

0too , , . . I . . , , , I. . . .

0 50 1000 1500 2000 3000 0 500 1000 1500 2000 3000

Depth, Z (A) Depth, Z (A)
Fig. 2. SIMS depth profiles of Si and Be delta doped GaAs showing a FWHM of 47 A. Identical FWHMs of the delta spikes were

measured for samples grown with As4, As2, and As1 (AsH,).
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assess the optical properties of the delta doped sistent with heavily doped p-type GaAs, and are a
structures. The low temperature luminescence from result of formation of tail states and band gap
Si delta doped GaAs grown with As 4 and AsH 3 is narrowing [13,141. It should be noted that similar
depicted in fig. 4a. Two peaks are apparent at luminescence features were observed from a single
1.513 and 1.493 eV. The peak at 1.513 eV is Be delta doped sample grown on an undoped
related to a donor bound exciton. The peak at buffer layer and a SI substrate. The integrated PL
1.493 eV is assigned to a donor-to-acceptor transi- intensity of Si and Be delta doped GaAs at room
tion involving C. There is a slight decrease in the temperature, is strongest in the AsH 3 grown sam-
PL intensity of the AsH 3 grown sample. We have pies and clearly demonstrates that hydrogen plays
previously observed the same effect in our hydro- a very active role in modifying the growth kinetics
genated delta doped samples [12] and we attribute in GSMBE. The increased PL intensity can be
the decrease to the passivation of the Si donor attributed to two factors: (1) The presence of H as
atoms in the presence of H in GSMBE. The the primary by-product of AsH 3 decomposition
appearance of this exciton line with a FWHM of may serve to passivate nonradiative centers, thus
4.4 meV indicates that high quality GaAs can be enhancing the PL intensity. This is consistent with
grown at 500'C. At room temperature, we find our results on hydrogenated As 4 grown samples
that the integrated PL intensity in the GSMBE [12]. (2) We have evidence that the predominant
grown sample is stronger than in the MBE grown As species in our system is As monomers [15]. The
sample, as shown in fig. 4b. differences in the growth kinetics between

The low temperature luminescence from Be del- As 2, As 4 and As1 (AsH3) has strong influence on
ta doped GaAs grown using AsH 3, As. and As 4 is the formation of native defects such as VGa, espe-
shown in fig. 4c. The main luminescence peak cially at the low growth temperature of 500'C.
occurs at 1.483 eV and has a FWHM of 23 meV. Such differences have been previously observed by
We have assigned this peak to a donor-to-accep- Kunzel and Ploog [161 for As 4 and As 2 , and
tor-like transition involving Be acceptors. The Calawa 1171 and Cunningham et al. [181 for As
FWHM and the position of the peak are con- monomers. At room temperature, the lumines-

io3
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Fig. 3. SIMS profiles of Be delta doped GaAs grown with As, at a substrate temperature of 515'C. The peak at 2W0 k was obtained
with both Ga and Be shutters open. The peak at 650 A was obtained with the Ga shutter closed. A ,schematic illustration of the

Is growthsequence is also shown.
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Fig. 4. PL spectra from Si and Be delta doped GaAs grown with As4. As2, and As, (AsH ): (a) and (b) show low temperature (a) and
room temperature (b) PL from Si delta doped GaAs: (c) and (d) show low temperature (c) and room temperature (d) PL from Be

delta doped GaAs. Note that enhanced PL efficiency in samples grown with As, at room temperature.

cence from Be delta doped GaAs occurs at 1.435 passivation of nonradiative centers by atomic hy-
eV and it is again strongest for AsH, grown drogen in the chamber.
sample as shown in fig. 4d.
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Si dopant incorporation in GaAs layers is shown to be reduced when dimer arsenic is used. Si doped GaAs layers grown by
molecular beam epitaxy under different arsenic cracker conditions are studied by a Polaron doping profiles and secondary ion mass
spectrometry. Throughout the doping range of investigation, 5 x 10' 6 to 2 x 10'8 cm -'. strong reduction in Si incorporation is
observed as the fraction of dimer arsenic is increased. The reduction of Si incorporation is enhanced as the growth temperature is
increased. Evidence is given to show that. instead of Si self-compensation. Si dopants are actually desorbed in the presence of dimer
arsenic. The formation of volatile Si,As, compound(s) due to the reaction between the impinging dimer arsenic species and the Si
dopants at the substrate surface may be responsible for this phenomenon. The activation energy of this reaction is estimated,

1. Introduction different arsenic species leads to the conclusion
that the maximum sticking coefficient of As, is

Elemental arsenic is the major group V source close to unity and that of As4 is 0.5 on a Ga-rich
used in the molecular beam epitaxy (MBE) growth surface. Therefore the use of dimer arsenic mini-
of GaAs and related films because of its conveni- mizes the consumption of the arsenic source and
ent and easy use. Depending upon the availability should be able to prolong substantially the MBE
of an As cracker, As 4 (tetramer) as well as As, machine operation time without replenishing the
(dimer) can be generated and both are routinely source charge. In addition to the conservation of
used for growth. The dimer arsenic is obtained by arsenic source material, there are several reports
dissociation of the arsenic tetramer via a catalytic indicating improvements of the MBE grown GaAs
effect by passing As4 through a high temperature and related layers using As, such as elimination of
cracker [11. The growth mechanisms of GaAs using defect-induced bound exciton peaks in PL spectra
As 4 and As 2 are known to be very different (2,3]. (4], minimizing the size and the number of oval
For the former, the growth involves a complicated defects [51, and reduction of deep level concentra-
bi-molecular interaction of As4 with adjacent Ga tion [6] and carbon incorporation [7].
atoms, and as a result, four arsenic atoms are Si is one of the most commonly used n-type
desorbed in form of As 4 and it is known to be a dopants in MBE GaAs, owing to its relatively
second order reaction. For the latter, growth sim- non-amphoteric behavior and low diffusivity. The
ply involves a dissociative chemisorption of As 2 to behavior of Si incorporation into GaAs grown by
Ga atoms and is known to be a first order reac- As 4 has been extensively studied [8.91. It has been
tion. The difference in growth mechanism using reported that, as long as the solubility limit for Si
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in GaAs is not exceeded, the Si doping concentra- while the cracker current (corresponding to cracker
tion is simply proportional to the Si arrival rate, temperature) is varied, ranging from 5.0 to 6.5 A,
or in other words, the sticking coefficient of Si to unless otherwise stated, for each layer of 0.4 Am
GaAs is unity [9,10]. The decrease in free carrier thick at a specific growth temperature. In order to
concentration for Si doped GaAs at elevated sub- stabilize the change of the cracker current in step,
strate temperatures and for a large Ga/As4 ratio the growth is interrupted for 30 min between the
is attributed to the Si amphoteric property. On the layers. For different samples, the substrate tem-
other hand, although the As 2 grown MBE GaAs perature is changed from 570 to 660'C and the Si
and related films have been demonstrated to doping level is varied from 5 x 1016 to 2 x 10"'
possess superior properties as mentioned before, cm - 3.

studies concerning the Si dopant incorporation, A UTI 100 residual gas analyzer (RGA) is used
unlike the As 4 case, remain lacking. Therefore, to investigate the arsenic dissociation efficiency of
comprehensive studies of dopant incorporation the cracker by monitoring the peak intensities of
behavior for MBE grown GaAs and related com- major arsenic species. A Polaron doping profiler is
pounds using As2 are needed, especially for those used to determine active Si dopant concentrations
applications where doping control is crucial, of the grown samples. Secondary ion mass spec-

In this work, a strong reduction of Si donor trometry (SIMS) profiles are also made for some
incorporation in MBE grown GaAs layers at high of the samples to determine the total Si concentra-
cracker temperatures is reported. The reduction of tions. An ion-implanted sample is used as the
Si incorporation is seen to enhance at increasing standard reference for the quantitation of all SIMS

substrate temperature. The objective of this study profiles.
is to investigate the influence of different cracker
and substrate temperatures on the Si incorpora-
tion and to explore the reaction mechanism(s) 3. Results and discussion
leading to this dopant reduction phenomenon.

The carrier concentration profiles, obtained
from the Polaron profiles, as functions of the

2. Experimental substrate temperature and the cracker current are
shown in figs. 1 and 2, respectively. It is clear that

Si doped GaAs layers are grown in a Perkin- the carrier concentration as measured by Polaron
Elmer 430 MBE system equipped with an As decreases as the cracker current increases and the
cracking cell. The cracking cell consists of an As effect is enhanced as the substrate temperature is
bulk evaporator (low temperature furnace) and a increased. In this study, for samples grown at
molybdenum cracker (high temperature furnace). 660°C, the Si doping concentration drops from
The bulk evaporator is used to control the arsenic 1.6 x 10"t cm3 at a cracker current 5.0 A. to
flux and the cracker is used to dissociate As4 into 5.9 x 1017 cm- 3 at 6.5 A, a decrease of nearly a
As,. Since there is no thermocouple installed in factor of 3. However, for those grown at 570 0 C
the cracker, the control of cracker temperature can with the same cracker condition, the Si doping
only be made by adjusting the cracker current. In concentration drops only from 1.9 x 101 to 1.7 x
growth, (100) oriented n'-GaAs wafers are indium 1018 cm 3, showing a rather weak cracker temper-
mounted onto molybdenum sample holders. After ature (current) dependence.
being introduced into vacuum, the samples are Carbon conta.mination [11] and Si self-com-
outgassed at 300°C for 20 min and then trans- pensation [8] are among possible mechanisms, at
ferred into the growth chamber. Before growth, least for the AS4 case, that could lead to this
the samples are heated to 620°C for oxide re- dopant reduction effect. Although we did observe
moval and thermal cleaning. Throughout each carbon distribution near the epilayer and substrate
growth, the temperatures of the arsenic bulk interface in the SIMS profile measurement, the
evaporator and Si doping cell are kept constant, carbon contamination caused by increasing cracker
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current is very unlikely to be the main reason for concentration, far below the doping range that we
this effect based on the following arguments. We investigated, is too low to result in such a severe
have examined the dopant reduction effect as a change in the measured doping density. Further-
function of dopant level ranging from 5 X 1016 to more, we have also experimented different heating
2 X 10t8 cm -3 . If the carbon contamination from cycles at growth [121 and observed that the doping
the cracker were the cause of the effect, because of reduction appeared to be independent of the dif-
the same cracker conditions used for these sam- ferent heating cycles. If the carbon contamination
pies with different doping levels, we would have were the reason, we would expect some depen-
seen a stronger reduction at lower doping level. dence correlated with outgassing due to different
However, this is not the case. For the doping heating cycles, which we did not. This further
levels investigated, similar dependences are ob- support that the carbon contamination can be
served for the Si incorporation on the cracker ruled out from the possible causes of the observed
temperature (current) and substrate temperature. effect.
Typical Polaron profiles for the samples grown at Before discussing Si self-compensation, under-
630°C with a Si doping level at - 2 x 1018 cm - 2  standing of the influence of the cracker current
is shown in fig. 3a. The - 2 x l0l cm - 3 doping (temperature) on the composition of different ar-
case is shown in the inset. In addition, by compar- senic species is needed. To do so, the RGA arsenic
ing with a standard sample, we have estimated peaks at 75 (As*), 150 (As'), 225 (As') and 300
only _ 1014 cm - 3 unintentional carbon incorpo- (As') amu are monitored with the cracker current
ration in GaAs layers from our preliminary photo- varying from 0 to 7 A while the substrate tempera-
luminescence results, which is in agreement with ture held at 630 'C. In order to investigate the
those reported by Cho and Arthur [11]. The carbon cracking effect and minimize the background con-
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tribution, the peaks are normalized to As 4. The taken from both the increasing and decreasing
As 3/As 4 ratio stays constant for the entire cracker cracker current shows almost the same influence
current range examined. Meanwhile, there is a of the cracker current on the As 2/As 4 ratio.
slow increase of the Ast/AS4 ratio up to a factor For the As4 case, the growth temperature de-
of 1.5, believed to be the result of increase in AS2  pendence on the reduced net carrier concentration
as the cracker current is increased; consequently was reported to be mainly due to the Si amphoteric
when passing through RGA, the probability of behavior [81, i.e. some Si dopants incorporating
cracking As 2 into As, is increased. The most into As sites instead of the expected Ga sites. The
important feature in this investigation is the dras- similar growth temperature dependence of Si in-
tic increase of the As 2/As 4 ratio occurring ap- corporation observed in the present work, as shown
proximately in the current range of 5.0 to 7.0 A, as in fig. 1, would appear to suggest a similar mecha-
shown in fig. 4a. The ratio remains low when the nism. However, from the previously described
cracker current is less that 4 A. and reaches its cracker behavior, we know that the amount of
maximum as the cracker current approaches 7 A. dimer arsenic increases rapidly as the cracker in-
The triangles represent the data taken during the creases from 5.0 to 7.0 A. This fact along with the
increasing of cracker current, while the circles are reported higher sticking coefficient of As2 12,31
for the decreasing of cracker current. Between indicates that the increase of the cracker current
measurements. 30 min is waited for stabilizing the should reduce the arsenic vacancies on the sub-
arsenic flux after changing the cracker current. strate surface and as a result Si incorporating into
Even so. there is a seeming hysteresis effect ob- As sites should also reduce. In this case, the net
served, which is believed to be the result of insuffi- carrier concentration observed should increase
cient time for stabilization. Nevertheless, the data rather than decrease with the cracker current. This
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increasing cracker current, and the circle data were measured with decreasing crackei current. (b) Prefactor A in the kinetic equation

as a function of cracker current.
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is opposite to what we observed in fig. 2; therefore posed model can be used to explain the observa-
the Si amphoteric behavior can not be used to tions in this study. Although there is no direct
account for the phenomenon. Moreover, if the Si evidence in observing the compound for this
self-compensation were the case we would expect model, there are several reported phenomena that
to see no reduction of atomic Si concentration can be used to support this mechanism. Cho and
from the SIMS profile, no matter what sites the Si Arthur [11] reported a net background donor level
dopants are incorporated in. of (5-8) X iO cm - ' in unintentionally doped

To illustrate the contrary, we show in fig. 3 the MBE GaAs'layers using polycrystalline GaAs as
carrier concentrations measured by a Polaron pro- an arsenic source containing a - 10"6 cm-' Si
file (fig. 3a). along with the Si concentrations impurity level. However, from the vapor pressure
measured by SIMS (fig. 3b), for the layers grown of pure Si at the ttnperature that the polycrystal-
at 6300C with the cracker current varying from line GaAs cell is operated, it is straightforward to
4.2 to 7.0 A. Note that the layers are marked with verify that, even with intentionally doped GaAs
respect to the Polaron thickness data. It is obvious layers using a Si doping cell, at this temperature
that the Si SIMS profile follows almost exactly the the doping level cannot be as high as (5-8) x 10' 5

same profile as the Polaron carrier concentration, cm-'. The direct evaporation fo Si from such a
except that the SIMS result shows a depth scale of low Si impurity polycrystalline GaAs source (being
about 10 difference and the Si concentration is less than 2 X 10 - 7 in terms of the fractional con-
measured to be roughly twice larger than the centration of volumetric atomic sites) is very un-
Polaron result. The observed distinctions are be- likely to introduce an approximately 1015 cm - 3

lieved to be the result of the differences in etching background dopant concentration. The prefer-
and calibration procedures used in these two char- ential escape of volatile Si-As compound(s) (such
acterization techniques. The general agreement of as Si ,As, ) from the source is more likely to occur.
the two profiles. a reduction in both Polaron and In addition, there is another supportive evidence
SIMS data, indicates that it is actually the escape in a gas phase pickup mechanism of Si. which has
of Si atoms from the substrate surface that is been reportet for Si incorporation in GaAs-on-Si
responsible for the carrier reduction. Since the Si heteroepitaxy by MOCVD [13]. In their work. the
vapor pressure is so low at the growth temperature authors have obserx ed high unintentional doping
( - 600'C). the direct escape of the Si atoms from levels caused by the gas rdhase pickup of Si, either
the substrate surface is too little to introduce such from the substrate edge or from a Si piece placed
a substantial change. There should be some other next to the substrate, and incorporated into the
kinetics involved to cause the Si desorpticn. GaAs layer. It is entirely possibhi that in their

It is evident from figs. 2 and 4 that the doping work, the formation of a similar, but not neccs-
concentration is strongly dependent on the As, to sarily the same as our MBE case, volatile Si-As
As 4 ratio, suggesting that the As, species pro- compound(s) occurs on the Si surface in the gas
duced by the cracker plays an important role in flow and the compoundts) is then carried to de-
the reduction of the Si concentration. It is very posit into the epitaxial layer. Moreover, from the
likely that the Si dopants arrived at the GaAs p-T-x phase diagram of the Si-As system. Ugai
surface react with the impinging As,. form volatile et al. [14] reported the existence of two com-
Si,As, compounds and desorb from the sample pounds in this system: SiAs, which melts con-
surface. If this is the case, the desorption is en- gruently at 1083'C with an equilibrium vapor
hanced and the carrier concentration decreases as pressure of 0.5 aim, and SiAs,. which decompose
the cracker current increases, or as the fraction of through a peritectic reaction at 944°C with an
As. increases. Furthermore, as the substrate tern- equilibrium pressure of 1.25 atm. It i:, reasonable
perature increases, the SiAs, formation and de- to expect, based on the high vapor pressure na-
sorption is enhanced through a thermally activated tures of these compounds just mentioned, that at
kinetics, and therefore, the atomic Si concentra- the growth temperature (-6000C) the vapor
tion and carrier concentration drops. This pro- pressure of the compound(s) is high enough to



258 B.J. Wu et a. / Reduced Si donor incorporation in MBE grown GaAs layers

escape from the sample surface. This further sup- coefficient of Si at low (or no) arsenic dimer case
ports our model: formation of the volatile Si-As suggest that it is reasonable to choose the carrier
compounds. concentration corresponding to a growth tempera-

Invoking this model, the net carrier concentra- ture of 570 ' C and a cracker current of 5 A for No.
tion measured can be estimated from the competi- The plot of log(1 - n/No) versus 1000/T is de-
tion between incorporation and desorption of the picted in fig. 5. It is not surprising that the slopes
Si dopants. The measured net carrier concentra- of all the curves correspond to different cracker
tion, n. can be modelled by currents are very close to each other, indicating a
n = No[I - A exp(- E kT)] unique activation energy. The activation energies

NE obtained for cracker currents ranging from 5.0 to

where N, is the atomic concentration of dopants 6.5 A are calculated to range from 1.29-1.51 eV
reaching the GaAs surface, A is a constant pro- (average 1.4 eV). It is worth noting that the large
portional to As 2 fraction, Ea is the desorption relative errors introduced by the choice of No and
activation energy, k is the Boltzmann constant the measured concentrations for layers grown at
and T is the substrate temperature in kelvin. The low temperature (570 ' will result in a large
A exp( - Ea/kT) term accounts for the desorption error in the calculated activation energies. The
of Si dopants due to arsenic dimers. In order to substantial variation of the activation energies ob-
estimate the activation energy, a determination of tained above is the result of this error. However,
N, is needed. As seen from fig. 3, the carrier the close calculated values are indeed a good
concentration remains almost constant as the indication that only one reaction (or compound)
cracker current becomes lower than 5 A. This leads to the Si dopant reduction, unless different
observation along with the reported unity sticking volatile compounds are formed and they have
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Hydrogen passivation of delta doped GaAs
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We report on hydrogen passivation of Si and Be delta doped GaAs grown by molecular beam epitaxy. The delta doped structures
were exposed to low energy and low frequency hydrogen and deuterium plasmas. Secondary ion mass analysis shows hydrogen and
deuterium incorporation at the dopant sites. Electrical analysis of the samples reveals total deactivation of the Si atoms and only a
partial (35%-50%) deactivation of the Be atoms. Photoluminescence measurements of the hydrogenated Si doped structures indicate
a disappearance of above band gap transitions associated with free carriers and enhancement of transitions related to background
acceptors.

1. Introduction where dopant atoms are confined to a two-dimen-
sional plane in the III-V matrix. We have ex-

Hydrogenation in III-V semiconductors is amined the effect of hydrogenation on the electri-
known to render donors, acceptors and deep levels cal, chemical and optical properties of Si and Be
inactive. This phenomenon, commonly known as delta doped GaAs. Our results are presented in
passivation, has been utilized for improved this paper.
material properties such as enhancement of mobil-
ity in epitaxial and bulk grown GaAs. Recently
hydrogenation has been used in the fabrication of 2. Experimental
a new device called a hydrogenated channel FET
[1]. In addition AIGaAs/GaAs quantum well The delta doped samples were grown in a Varian
lasers have been fabricated where hydrogenation Gen I1 chamber with As 4 at a growth temperature
is used to provide current-guiding through the of 540'C. Delta doping was accomplished by
heterostructure [2]. It has become clear that unin- interrupting GaAs growth (closing Ga shutter
tentional introduction of H, in III-V processing only), simultaneously opening the dopant shutter
steps, such as plasma etching, bulk and epitaxial and subsequently resuming GaAs growth [4]. The
crystal growth by LEC, and MOCVD, results in substrates used were semi-insulating and N '. (100)
hydrogen incorporation, which may contribute to oriented GaAs. Two sample structures were em-
the modification of the properties of the material ployed, the first sample consists of an undoped
(3]. GaAs buffer layer, 5000 A thick, two delta doped

Whilt: numerous studies exist in the literature layers separated by 500 A of undoped GaAs and a
on passivation of acceptors and donors in III-V 500 A undoped GaAs cap. The second structure
compounds [31. there has been no report on the consists of a 5000 A Be doped buffer layer, a 2500
effect of hydrogen on lamella doped structures A undoped GaAs layer, two Be delta doped re-
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gions that are separated by another 2500 Athick 10 0

GaAs and a 2500 A GaAs cap layer. Hydrogena- 2 aS I&Dod

tion was done by exposing the as-grown structures .......Si

to a low frequency (30 kHz) and low power den- E11

sity (0.08 W cm-2) hydrogen or deuterium (D)
plasma at 250'C for 30 min under a pressure of
0.75 Torr. These conditions were chosen in order
to minimize surface degradation of the samples
and reduce deep level defect introduction [51. Deu-
terated samples were used for secondary ion mass
spectrometry (SIMS) analysis because of the in- 0.0 0.20.40.

creased detection sensitivity for D in contrast to b GaAs. Be &-doped
the detection limit for H. Following hydrogena- -2D

tion, the samples were characterized by capaci- B

tance-voltage (C- V), Hall effect. SIMS and pho-
toluminescence (PL) measurements.0

Z

3. Results and discussion

Fig. I a depicts the SIMS profile of the as-grown 10171
0.0 02 0.4 0.6 0.8

and deutera ted Si delta doped samples. Two peaks Det (jan)

are evident and are located at a depth 500 and Fig. 1. SUMS depth profiles of Si and lbe delta doped GaAs
1000 A from the su-face. The Si peaks illustrate showing as-grown (Si and Be) and deuterium peaks at the

the delta doping, and the 2 D peak indicates the dopant sites
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bonding of D to the Si atoms after exposure to the >aa:siS-dopd
plasma. Fig. lb illustrates the Be doping and the 4.2K Ar lase 2mW

bonding of 2 D to the Be atoms after subjecting the ,e -

sample to the plasma. A 2D concentration of
2.5 x 10 " cm- 3 is measured in the Be delta doped C atI
spikes and I x 1019 cm -3 in the uniformly doped _.
buffer.

Fig. 2a shows the electrical profile of the Si 800 8200 84M 8600 8800 910

delta doped sample before and after hydrogena- wavelength (A)
tion. The as-grown sample indicates only a single
peak instead of the actual two spikes because of b

the high electric field breakdown during C- V - GAs:aer-oped

profiling. The Si doping is measured to be 6 x 108 ... a \hs? ated

cm 3 in the as-grown sample. The insert shows a d
detailed C-V profile and it indicates a full width -

at half maximum of 47 A in spite of the relatively C
high growth temperature (540 Q for delta doping E
[6]. Following hydrogenation, C- V profiles indi-
cate broad peaks with a concentration of less than
101" cm 3

. The peak located at about 0.8 pm is 8
•8000 8200 84M 8600 88W0 9000

due to unintentional Si accumulation at the epi- Wavelength (A)

taxv-substrate interface [7]. It is clear from these Fig. 3. Photoluminescence from the delta doped samples before

measurements that in the delta doped regions. and after hydrogenation. Note the absence of the above band

most of the Si donor atoms are passivated after gap luminescence in (a) and the increase of the impurit,
hydrogenation. related peaks at 1.489 and 1.477 eV following hydrogenation in

hdga) and (b). respectivel.

Fig. 2b depicts the doping profiles of as-grown

and the hydrogenated Be delta doped GaAs. We
see that the hole concentration has decreased from
3.5 x 10 to 1.8 X 10"s cm ' in the first Be spike tion involving a contaminant such as carbon. The
and from 1.3 x 1019 to 8.4 x 1018 cm 3 in the location in energy of the 1.489 eV peak from the
uniformly doped region. Only 35%-50% of the band edge would support our C assignment since
dopants are passivated. This is in sharp contrast to C has an ionization energy of 27 meV. The above
the donor case (Si) where most of the donor atoms band gap luminescence at 1.521 eV is due to the
are passivated. Such differences in the magnitude free carriers; we have observed it only in highly Si
of passivation between donors (Si) and acceptors doped (N > 101" cm 3) GaAs samples. The
(Be) has been observed in hydrogenated uniformly luminescence is related to recombination between
doped GaAs [8.9]. the photoexcited holes and the free electrons dis-

Low temperature PL measurements on the del- tributed between the Fermi level and the bottom
ta doped atnd hydrogenated samples show en- of the conduction band (Moss-Burstein shift)
hancements in the PL intensity in the hydro- [10,11]. After hydrogenation, we find that the
genated samples. Fig. 3a shows PL spectra from above band gap luminescence disappears, support-
the as-grown and hydrogenated Si delta doped ing our interpretation that the peak is related to
sample. The as-grown sample luminescence con- the free carriers, since we have observed total
sists of three main peaks at 1.521, 1.516, and 1.489 passivation of the free carriers. We see an increase
eV. We associate the above band gap peak at by a factor of 10 in the C related peak at 1.489 eV.
1.521 eV with the free carrier luminescence, and We associate the increased PL intensity with pas-
the 1.516 eV peak to a bound exciton. The 1.489 sivation of nonradiative centers such as Ml, M3
eV peak is ascribed to the donor acceptor transi- and M4 [12] in MBE grown GaAs and to en-

L
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hanced recombination of photoexcited carriers via applications in two dimensional planar compo-
the C acceptor. nent isolation in processing steps for devices.
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A comparison of atomic carbon versus beryllium acceptor doping
in GaAs grown by molecular beam epitaxy

J. Nagle, R.J. Malik and D. Gershoni

A T& T Bell Laboratories, Murray Hill, New Jersev 07974, USA

Atomic carbon doping by solid-source molecular beam epitaxy (MBE) using a resistively heated graphite filament is investigated.
Reproducible doping levels up to 1020 cm- - are obtained with good hole mobilities. Results concerning the high limit of bulk doping
and 8-doping with carbon are presented. A systematic variation of the V/ill ratio showed no evidence of an amphoteric behavior of
carbon. Comparison with beryllium doped layers grown in the same MBE system shows similar optical quality for the low doping
range and degradation for carbon doping only above 1019 cm- 3. Carbon memory effects are found to be negligible after the growth
of thin doped layers. These results show that carbon could replace advantageously beryllium in most electronic and optical devices.

I. Introduction basic characterizations aiming at increased knowl-
edge of the quality of carbon-doped materials

There has been considerable interest in recent grown by this novel technique. In order to clearly
years on p-type doping of GaAs with carbon. The discriminate the specific effects related to the
high solubility of carbon in GaAs. its straightfor- presence of carbon as dopant from the high dop-
ward behavior as a shallow acceptor and its ex- ing effects, we compare directly with Be-doped
tremely low diffusion coefficient render it an ex- layer grown in exactly identical conditions since a
cellent candidate for high doping of GaAs. Con- con, onal beryllium effusion cell is also availa-
trolled incorporation of carbon as an acceptor up ble in the same MBE system. Hall. SIMS. and
to high levels has been demonstrated from tri- photoluminescence (PL) measurements were per-
methylgallium or trimethylaluminum using metal- formed on the samples.
organic molecular beam epitaxy [1-4] and metal-
organic chemical vapor deposition [5]. The incom-
plete dissociation of the metal-C bond is in all
cases responsible for the high efficiency of the 2. Experimental

carbon incorporation in the As sublattice as an
acceptor. Samples were grown in a VG V80H MBE svs-

In conventional solid-source molecular beam tern on (100) oriented GaAs substrates. The gra-
epitaxy (MBE). Be is commonly used as p type phite filaments were cut in a serpentine shape
dopant [6;. The maximum doping level is limited from rectangular sheets of high purity graphite to
to about I x 102" cm ' due to thermal diffusion have a resistance of approximately I 2. Two fila-
and interstitial incorporation of Be when growing ments were mounted side by side with tantalum
around 580'C. A higher maximum doping level nuts on tantalum rods and surrounded by a cylin-
of 2 x 102 2 cm 'can be achieved when growing at drical tantalum radiation shield. The rods were
lower temperatures [7]. connected to a triple vacuum current feedthrough

Carbon doping in solid-source MBE using a attached to one of the cell ports.
resistively heated graphite filament has recently The structure of the samples we used for this
been succesfully demonstrated [8]. In the present study was one of the following three: (i) 5000 A
work we concentrate on growth issues and on doped GaAs: (ii) samples comprising 1 pim of

W022-02481/91,403.50 i 1991 - Elsevier Science Publishers B.V, (North-Holland)



J. Nagle et al. / Comparison of atomic C versus Be acceptor doping in GaAs grown by MBE 265

doped GaAs sandwiched between two 1000 A FILAMENT TEMPERATURE (K)
Al 0.3Ga0.7As layers and capped with a thin GaAs 2500 2250 2000
layer, specifically designed for optical measure-
ments to avoid the recombination of photoexcited ,'

E
carriers at the free surface and to ensure that there 102 - 4

are no photoexcited carriers in the buffer layers; z

2
(iii) sequence of doped or undoped GaAs quan- -
turn wells separated by 300 A A 0.3Gao.7 As and 0 E

capped by 1500 A Al 0 3Ga 0 7As. All samples were z
grown on an unintentionally doped buffer includ- "

o0£ing a short period superlattice sequence for type o o-5 W
(ii) and (iii) samples. All samples were grown W 1o 19 ,
using As 2 beams with a GaAs growth rate of 1 o
t m/h. The growth temperature was measured by - M
a calibrated near-infrared pyrometer. It was varied W <W, >

between 550 and 600°C for Be-doped samples
and between 580 and 630*C for C-doped sam- W
pies. I_ 61061018i , , [ '

The photoluminescence spectra were taken at 6 4.0 4.5

K with a He-Ne laser (X= 632.8 nm, Pe,= 10 4/T (K)
W/cm2 ), at 300 K with an Ar* laser X = 514 nm, Fig. 1. Measured concentration of holes at 300 K in GaAs:C
P, = I kW/cm2 ) and detected with a Ge detector as a function of the temperature of the graphite filament
or an optical multichannel analyzer. measured with a hot-wire pyrometer. The data points follow

the total carbon vapor pressure over graphite from ref. 191
shown as a solid line.

3. Results
mated filament-substrate distance (d= 15 cm)

3.1. Carbon incorporation and with carbon evaporation coefficient a, = 0.18
[10], we calculate from fig. I a total number of

C-doped GaAs samples with mobilities corn- carbon atoms impinging on the substrate two times
parable to those of Be-doped samples were ob- larger than the actual doping. This discrepancy
tained for doping densities up to 1 x 1020 cm - 3 ,  can be attributed to the large uncertainty of the
with smooth surfaces below 3 x 1019 cm -3. Fig. I vapor pressure data and of the geometrical factors
shows that the doping follows the total carbon or to the fact that C 2 and C3 molecular species are
vapor pressure [9]. The temperature of the gra- present in the vapor pressure and can even
phite filament was measured using a hot-wire dominate C, atoms for the highest temperatures
pyrometer. Single readings have large error bars of the filament [10].
( ± 25 K) but the fact that the measured tempera, Attempts to grow layers doped above I X 10"0
tures follow exactly a pl/ 4 law between 1600 and cm - 3 gave consistently hole concentrations much
2400 K indicates that (i) temperature values meas- smaller than expected from fig. I together with
ured by the hot-wire pyrometer are reliable and reduced mobilities. Nomarski microscope pictures
(ii) heat losses are dominated by radiant losses, of the surface of these samples showed a char-
Using the electrical power and the corresponding acteristic isotropic short-scale roughness. For all
filament temperature as inputs in Stefan's law doping ranges a correlation is observed between
with an emissivity factor of 0.8 [9], we find a reduction of the carrier density and appearance of
radiant area of 3.6 cm? very close to the geometri- roughness. The carbon concentration was meas-
cal area (3.2 cm') of the thin part of the filament. ured by SIMS on some of the samples. It is found
Using the Hertz-Knudsen formula with the esti- to agree within 30% with the measured Hall car-



266 J. Nagle et al. / Comparison of atomic C versus Be acceptor doping in GaAs grown bV MBE

rier concentration below 1 x 1020 cm and with N 15
the intended concentration extrapolated using the E /

vapor pressure curve above 1 x 1020 cm - 3 . This GaAs C /
0/

electrical inactivity of carbon for the highest con- 8-DOPING

centrations could be related to the incorporation (Dz t0 "of the already mentioned C 2 and C3 molecular F0

species or to the incorporation of C1 as interstitial. /
n0 //

Z3.2. V/Ill ratio dependence 5_j 5

The incorporation of carbon atoms as acceptors,, /n c

in substitutional sites for As atoms should be
favored by a low As pressure during growth if the < _ _ _ _ _

carbon has an amphoteric behavior. We varied 2 05 150 5 10 1
systematically the V/Ill ratio for a series of sam- INTENDED PLANAR DOPING (a 1 2 cnr2 ?

ples grown at 580*C and nominally doped at a Fig. 3. Carrier density measured at 300 K in GaAs 8-doped
density of 9 x 101" cm -3. The electrical activity of with carbon as a function of the expected density. The highest
carbon is found to be quite independent of the value obtained is 3.8 X 1012 cm 2. Attempts to further increase
V/Ill ratio as long as the growth takes place the planar doping result in compensation.

under As-stabilized conditions (fig. 2). The PL
intensity at room temperature and at low tempera-
ture is also independent of the V/Ill ratio for by a factor of 10 as compared to the other sam-
As-stabilized conditions. In contrast, the sample pies, correlated with its degraded morphology.
grown under Ga-rich conditions has a slightly These results imply that carbon is not exhibiting
reduced hole density and PL intensities reduced any amphoteric behavior at this doping level and

that successful doping with carbon is possible in a
very wide range of growth conditions.

GaAs, C (lipm/hr) 3.3. 8-doping
1 5X0 - 2 p = 09 S 10

19cm- 3

T = 300K Results on the electrical activity of carbon in

T = 77K 8-doped planes are summarized in fig. 3. The
E Yvarious samples have been grown under very dif-

1 x-2 ferent conditions and at different times, but they
1 --- ---------- -clearly show a general tendency. The maximum

-- - - doping obtained in a single plane is 3.8 x 10 2

cm 2 8-Doped planes with intended densities

50 higher than I X 103 cm-2 are systematically

Go- As - STABILIZED GROWTH strongly compensated.
RICH
GROWTH 3.4. PL results

25 50 75 The PL spectra of Be-doped samples (fig. 4)
As2 /Ga SEP RATIO show the expected behavior of highly doped p-type

Fig- 2. Resistivity at 300 and 77 K of C-doped samples with GaAs (1i with a low energy peak associated to
the same notminal doping as function of the V/Ill bea k-conserving transitions and a high energy shoul-
equivalent pressure ratio. Above the threshold for As stabiliza- der at the Fermi level of holes due to k-noncon-

tion the resistivity is approximately constant, serving transitions. This Fermi edge is clearly visi-
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factor of 1.5 to 8 after 10 s rapid thermal anneal-
GaAs Be ing at 900*C.T =6K

3.5. Memory effects of carbon doping

The band-acceptor PL transition at 6 K of two
undoped quantum wells sandwiching a highly

19 carbon doped quantum well was used as an opti-
P= p .8x10 c cal probe for the presence of carbon atoms 300 A

away from their intended incorporation region.
E5 -FThe PL of this sample after 10 s annealing at

z 19 860 0 C is presented in fig. 5. The spectrum of the
non-annealed sample is identical except that an-/ inealing has enhanced by a factor of 8 the PL
intensity of the doped well (QW2). The undoped
wells show PL intensity and lineshape identical to

18 what is obtained in samples having no doped well.
4 1 s 108 This implies that the doping of QW2 introduces

80 no degradation of the interfaces. The e-A transi-
8 3 x10 7  tions of QW3 (hardly visible at the scale of fig. 5)

__ _ _ _ _ _ _ _are not more intense than those of QWI which
1400 1 450 1.500 1.525 was grown before any doping in the sample. This

ENERGY (eV) indicates no significant memory effect or segrega-
Fig. 4. Normalized low temperature PL spectra of thick (0.5-1 tion during growth. Furthermore, the unchanged
pm) Be-doped GaAs samples for various doping levels. Note
the red shift of the peak associated to k-conserving transitions

with increasing band-gap renormalization.
PHOTON ENERGY (eV)

15 16 17 18
ble in the spectrum for p = 1.2 X 1 0 19 cm-3 (the ,
doping concentrations were measured by the _X632 8nm
Hall-Van der Pauw method at room temperature). BUFFER OWI 0W2 C OW3 _ iW/CM2

The band gap renormalization effect is responsible 31 6oA 16A T=6K

for the red shift of the principal peak for increased it)
carrier concentrations. The integrated PL intensity
goes through a maximum for doping in the low- _Z
1019 cm- 3 range.

The PL spectra for carbon doping up to = 5 x pm0 % -3
10"5 cm - are similar in lineshape and intensity to ,C-DOPED
those of beryllium. On the other hand the inten- H
sity ratio starts degrading for higher doping indi- ER

0cating the presence of non-radiative recombina-
0

tion centers. In none of the samples did we detect X I I I I , .
luminescence between 0.7 eV (limit of the Ge 850 800 750 700

detector) and the band-edge luminescence. The PL PHOTON WAVELENGTH (nm)

intensity ratio results at room temperature repli- Fig. 5. PL spectrum of one heavily C-doped quantum well
sandwiched between two unintentionally doped quantum wells.

cated those at 6 K. The presence of defects in the The spectrum demonstrates the absence of sizeable segrega-
C-doped layers is confirmed by the fact that the tion, diffusion or memory effects of carbon dopant atoms over
integrated PL intensity can be improved by a the 300 A AIGaAs barriers (see text).
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PL of QW1 and QW3 after annealing shows that doping only above 1019 cm-3 . Excellent optical
there is no outdiffusion of defects or carbon atoms properties are conserved in the immediate vicinity
to the neighbouring wells, of highly C-doped layers.

These results combined with the extremely low
diffusion coefficient of carbon in GaAs [2,81 and

4. Discussion the high toxicity of beryllium show that carbon
doping can be used advantageously instead of

The reason for the observed saturation of beryllium doping in any electronic or optical de-
carbon doping in bulk and 8. spikes is not under- vices for doping levels below 1019 cm- .For higher
stood yet. This saturation is associated with de- levels carbon doping may still be preferable in
graded morphology and minority carrier lifetime, cases where absence of diffusion is more im-
Possible causes include (i) incorporation of non- portant than optical quality.
dissociated C-C bonds in form of C2 or C3 mole-
cules present in the vapor pressure and (ii) incor-
poration of excess carbon atoms in interstitial sites Acknowledgements
similarly to the case of beryllium. Carbon pairing
is less likely given the absence of amphoteric The authors would like to thank L.C. Hopkins
behavior of carbon. Since we observed the samehig-doinglimt uingfilmens ct fom igh for SIMS measurements and R.W. Ryan for ex-high-doping init using filaments cut from high pert technical assistance.
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Carbon doping of MBE GaAs and Gao.7Al0.3As films using
a graphite filament

W.E. Hoke, P.J, Lemonias, P.S. Lyman, H.T. Hendriks, D. Weir

Raytheon Research Division, Lexington. Massachusetts 02173, USA

and

P. Colombo
EPI Division. Chorus Corp., St. Paul, Minnesota 55101, USA

Carbon doped GaAs and Gao.7AI. 3As films have been grown by molecular beam epitaxy using a resistively heated graphite
filament. At moderate doping levels, the effect on carbon doping of the V/Ill flux ratio and the nature of the arsenic species was
found to be minor. The GaAs films were doped from 1 x IOs to 5 x 1019 cm- 3 

and the resulting hole mobilities were equivalent to
beryllium doped films. Excellent doping uniformity was obtained for 3-inch diameter films. Ga 07vAIo.3As films were also doped from
9 X 107 to 3.4x 1019 cm

-
. For the highest carbon doped films, lattice contractions were observed which were greater than for

beryllium doping. The lattice contractions were analyzed with a model using tetrahedral covalent radii.

1. Introduction erties equivalent to beryllium doped films. The
doping uniformity for 3-inch diameter films is

Presently, beryllium is the acceptor dopant of excellent. The effect on doping from the As 4/Ga
choice for GaAs in conventional molecular beam flux ratio is investigated and- a comparison is
epitaxy (MBE) due to its high doping efficiency, made for carbon doping using As 2 and As4 . The
good hole transport properties, and acceptable carbon doping of Gao.-Alo 3 As films is reported.
diffusion rate at moderate doping levels. However, Finally heavily doped films exhibit lattice contrac-
for doping levels in excess of 1 X 1019 cm -3, con- tions which are analyzed with calculations utiliz-
centration dependent diffusion becomes important ing tetrahedral covalent radii.
[1] and is enhanced by the presence of nearby
n-type layers [2]. In our laboratory we have ob-
served degraded heterojunction bipolar transistor
(HBT) performance due to beryllium in the heavily 2. Experimental

doped base layer diffusing into the n-type emitter.
The development of carbon as an acceptor dopant The carbon doped films were grown in a VG-
in GaAs is motivated by its much smaller diffu- 80H MBE machine which was loaded with con-
sion coefficient than beryllium [3,4]. Also hole ventional solid sources. Arsenic was supplied to
concentrations in GaAs in excess of 1 x 1020 cm- 3 the growth surface as either As 2 or As 4. which was
have been demonstrated [3-6]. determined by the cracking zone temperature of

Initial reports on carbon doping using a gra- an EPI arsenic cracker. The films were deposited
phite filament have been published [7,8]. In this at a substrate temperature of 530-600 * C for GaAs
work, we report carbon doping of GaAs over a and 600-650'C for Ga0 .7Al0.3As. The growth
wide range of concentrations with transport prop- rates for GaAs and Ga0 .7 Al 0.3 As were 0.5 and 0.7

0022-0248/91/$03.50 (r 1991 - Elsevier Science Publishers B.V. (North-Holland)
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tim/h, respectively. The carbon doping source carbon doping was initially examined for mod-
was fabricated by EPI and contained a graphite erate doping levels. In one experiment, the As4
strip which was resistively heated by a regulated flux was varied with the other growth conditions
power supply without thermocouple feedback con- held constant. Fig. I is a doping versus depth
trol. Filaments with resistances at operating tem- profile of a film containing six 0.8 jim thick layers
perature of 0.25 and 0.4 12 were used. The fila- delineated by small doping spikes and grown with
ment temperature was measured with an optical different ratios of V/Ill beam equivalent pres-
pyrometer and was varied from approximately sures. The first and last layers were grown with
1550 to 2100*C to vary the doping from I X 10 s  similar flux ratios to ensure that the results were
to 5 x 1019 cm - 3. The highest doping level re- consistent and not a result of a long term drift
quired 600 W of power. For comparison, beryl- effect. Fig. 1 shows that a three fold increase in
lium doped samples were also grown by conven- flux ratio leads to a small depression in doping of
tional MBE. approximately 20%. Around the commonly used

The electrical properties of the films were de- flux ratio of 10, the effect of flux ratio is quite
termined by Hall measurements at 4000 G as well small and probably within experimental uncer-
as by capacitance-voltage (C-V) profiling. At tainty. The limited dependence of carbon doping
high doping levels, lattice contractions perpendic- on arsenic flux is an attractive doping property
ular to the film surface were observed by X-ray due to the difficulty of achieving a constant and
double crystal measurements. Copper Ka 1 radia- reproducible arsenic flux in solid source MBE.
tion was used with the (400) reflection of GaAs. The effect on carbon doping of using As, or

As4 was investigated. As, is more reactive and has
3. Results and discussion a higher sticking coefficient than As4 [9] which

could effect carbon doping. Comparison films were
Since carbon acceptors must occupy arsenic grown at doping levels of 2 x 1017. 5 X 10"1, and

sites, the effect of the arsenic environment on 1.5 x 10 '9 cm - 3 with cracked (As 2 ) and un-

17
10

E

:16 Iv 1016+ "

0 1

-16l 6Z t

12. xg 110 2 3" "

10
0 12 3 45

Depth in Microns
Fig. 1 Hole concentration versus depth for a film containing six 0.8 ,am-thick layers grown with different As4/iGa flux ratios. The

layers are delineated by small doping spikes.
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cracked (As 4 ) arsenic. The resulting carrier con- 1017

centrations with the two arsenic species agreed
within 10% and the mobilities agreed within 4%. E (10 12 F)

These two experiments indicate that the arsenic Z 67. 3 Edge

environment plays a limited role in carbon doping 66,40

of GaAs at moderate doping levels despite carbon 6

occupying sites on the arsenic sublattice. A possi- 66.50

ble explanation is that site occupation is primarily
determined by the stronger gallium-carbon bond 68.30

o 68.60
(61 kcal/mol) than the arsenic-carbon bond (57 Z 67.53

:67.60
kcal/mol) [10]. A relative bond strength model o 67.10.

0 66.93has been proposed to explain the carbon doping 6 Cenler
behavior as p-type in GaAs, n-type in InAs, and 1016 .1 .2 .31

compensated in Ga0 .51n, 5As [8]. .T (MC OS

The lateral uniformity with carbon doping was

2is a-compilation of 16 c-v Fig. 2. Capacitance-voltage depth profiles obtained from 16
examined. Fig. 2 Schottky diodes placed along the radius of a 3-inch wafer. CO
measurements taken along the wafer radius for a is the zero bias capacitance of the diode.

2.8-inch diameter film. The film was grown with
gallium evaporated from a large diameter VG 70
cm -3 cell which produces a thickness uniformity of of + 1.7%. Since C, is proportional to the square
+ 1%. Fig. 2 contains two types of uniformity root of the doping concentration in the depletion
measurements. The depth profile is obtained by layer, this measure of doping variation gives
differentiating the capacitance as a function of + 1.35.
applied voltage in the conventional manner [11]. Two other characteristics of the carbon doping
The maximum variation in the doping level is source are worth noting. As shown in figs. I and 2.
+ 2.5% with a considerably smaller standard devi- the doping levels are quite flat using a regulated
ation. Also given in fig. 2 is the zero bias depletion power supply without temperature feedback con-
capacitance, C,,. which has a maximum variation trol. Also the filament has a very small thermal

400,

cJ 200
E

>. 100

"0 60•

40
o

20

10 tI I 1 l - I II I J- i L ,t _ L 1 L t, _2 1L LM - i L H111IL
1015 1016 1017 1018 1019

Hole Carrier Concentration (cm-3 )
Fig. 3. Room temperature mobility versus hole concentration for carbon (e) and beryllium (*) doped GaAs films and carbon (a)

doped Ga5 7Al 1 1As films
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mass which rapidly equilibrates radiatively with its [12]. For a given hole concentration, the mobilities
thermal environment. Consequently the filament of the beryllium and carbon doped films are the
temperature can be changed several hundred de- same within experimental uncertainty. A variable
grees in approximately 10 s for growth of multiple temperature Hall measurement was performed on
doping levels, the 1.2 x 1015 cm- 3 sample which gave mobilities

GaAs films were doped with carbon with re- of 440 cm 2 /V s at 300 K, 7200 cm
2
/V 

• s at 77 K,
sulting hole concentrations from 1.2 x 105 to 5.3 and 13,700 cm2/V • s at 40 K. Data for carbon
x 1019 cm - 3. For hole concentrations up to 3 x doped Ga0 .Al 0.3As films are also given in fig. 3
1019 cm- 3, the surfaces were quite specular with for doping levels from 9 x 1017 to 3.4 x 1019 cm-3.
no microscopic texture observable under Nomar- Lattice contractions in heavily carbon and
ski contrast. At 5 X 1019 cm- 3 a background tex- beryllium doped films were observed using double
ture was present. The maximum doping level was crystal X-ray measurements. As illustrated in the
limited by filament failure due to hot spots in the fig. 4 insert, the (400) diffraction peaks of the
filament. Higher doping levels should be possible doped film and substrate are separated. The sep-
by optimizing filament design. arations or splittings are caused by a contraction

Room temperature Hall mobilities are given in in the lattice constant perpendicular to the growth
fig. 3 for carbon and beryllium doped GaAs films plane due to the smaller atomic size of carbon or
and the results compare well with literature values beryllium compared to gallium or arsenic. The

measured splittings in fig. 4 are larger for carbon
than beryllium doping which is qualitatively con-
sistent with the smaller tetrahedral covalent radius

19 of carbon compared to beryllium [131. Also the
05.3 x 1 splittings in fig. 4 exhibit a linear dependence on

120 { A8=124 doping concentration.

The relationship between doping and lattice

0 e- contraction is now considered. The splitting, A8,
abetween the X-ray diffraction peaks of the GaAs

substrate with lattice constant a 0 and the tetrago-
Fr nally distorted GaAs film with perpendicular80 lattice constant, a 1 , is given by:

CM

(a 1 -ao)/a o =,a/a o = -AO cot (0). (1)
0.

Co) where 0 is the substrate diffraction angle. For Cu
.... Kal radiation and the (400) reflection of GaAs, 0

x 40 .. is 33.024'. Assuming interstitial dopant atoms do
not perturb the lattice constant, the expected
lattice contraction for a doped GaAs layer can be
straightforwardly calculated using the molecular

.. density and tetrahedral covalent radii to de-
termine bond lengths. The relationship is then:

1 2 3 4 Aa 4[ NcGa(IC-r(;a)+NcAs(rc--rA.)](1 +v)
Hole Concentration (1019 cm- 3 ) 022,,0r (2.21 ×12),0( - P)

Fig. 4. Measured (400) X-ray splittings for carbon (.) and (2)
beryllium (x) doped GaAs films compared to calculated values
for carbon (- ) and beryllium ( --- ) doping. Insert is where NCGa and NCA, are the densities (cm- 3) of
an X-ray spectrum for a carbon doped film with hole con-
centration, Np. of 5.3 x I019 cm - 3. The (400) substrate peak is carbon atoms on gallium and arsenic sites, respec-

at 0*. tively, r, is the tetrahedral covalent radius of atom



W.E. Hoke et al. / C doping of MBE GaAs and Ga. 1AIo As films using graphite filament 273

x, and P is the Poisson ratio for GaAs. Eq. (2) is than the doping concentration. Possible explana-
pertinent for pseudomorphically strained films tions are compensation and/or electrically inac-
such as in this study. For thick, completely strain tive carbon. These initial results indicate that dou-
relaxed films, the factors containing the Poisson ble crystal measurements may become a useful
ratio are eliminated, as previously discussed [6]. technique to assess material quality of heavily
Eq. (2) can be simplified since the calculated doped samples.
values for the tetrahedral covalent radii of gallium In summary, a carbon filament furnace has
and arsenic are reported to be the same (1.225 A) been used to dope GaAs films over a wide range
[13] which yields: with hole mobilities equivalent to beryllium. At

moderate doping levels the arsenic environment
_a = 1.04 X 10 2NcAs(rC - rAS)(1 + p)(l + v) plays a minor role in doping efficiency. The dop-
a, a 0 (1 - ,) ing uniformity is excellent for 3-inch diameter

(3) material. Ga 0 7Al 0.As films have also been doped
with carbon. At high doping levels lattice contrac-

where p is the compensation ratio. Nc,,aNA., tions are observed with carbon and beryllium dop-
and the constants have been combined. The ing. The contractions have been analyzed with a
calculated splittings in fig. 4 were obtained with model using tetrahedral covalent radii.
r,= 0.774 A [13]. , = 0.31 [12] and assuming no
compensation. For beryllium doping, an analo-
gous eq. (3) is obtained and r, = 0.975 A 113].

Qualitatively eq. (3) describes the linear depen- References
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Characterization of the GaAs: C and A1GaAs: C doping superlattice
grown by chemical beam epitaxy

T.H. Chiu, J.E. Cunningham, J.A. Ditzenberger, W.Y. Jan
A T& T Bell Laboratories. Holmdel, New Jersey 07733, USA

and

S.N.G. Chu

.4 T&T Bell Laboratories, Murrasy Hill, Nevi Jersey 07974. USA

We report the growth of high qualit, GaAs and AlGaAs carbon doping superlattice homostructures using trimethyl-Ga.
triethyI-Ga and trimethylamine alane by chemical beam epitaxy. The periodic change in lattice parameter resulting from the change
in carbon doping level is useful for the structural characterization of these samples by double crystal X-ray diffraction. With minimal
contribution to the X-ray scattering intensity due to atomic form factors of the chemical modulation, the satellite intensities of the
GaAs/ GaAs: ( superlattice are found to scale with order index as n . which conforms to a square waveform of strain modulation.
Analysis of the intenslt, reduction of the annealed GaAs sample yields unambiguous information about the carbon diffusion in
(GaA.

I. Introduction i l cm - 3. This is not necessarily a problem for
device application if the strained C doped region

Recently, carbon doped GaAs has received in- is thinner than the critical thickness. Here we
creasing attention because of its high doping ef- show that this inherent strain due to C doping is
ficiency [1-3] and low impurity diffusivity [4,5]. useful in preparing strain modulated GaAs and
Compared to Be. C doping profile in GaAs is also AlGaAs superlattice homostructures for X-ray dif-
stable against Zn diffusion which is a process fraction study. By comparing the satellite intensi-
often employed for contact purpose [6]. These ties of the as-grown and the annealed samples.
properties are technologically important for device Arrhenius dependence of the carbon diffusion
application such as heterojunction bipolar tran- coefficient in GaAs can be determined. This
sistor (HBT) [1.7]. In chemical beam epitaxy (CBE) method can also be applied to the study of C
of GaAs. C doping is conveniently obtained by diffusion in AIGaAs.
using trimetijyl-Ga (TMGa) as a precursor for the
growth. The concentration of C can be controlled
by growth conditions [81 or mixing triethyl-Ga
(TEGa) with TMGa. Successful C doping using 2. Crystal growth
separate doping sources has been demonstrated by
using graphite filament in molecular beam epitaxy In the CBE growth of GaAs: C. pure TMGa
(MBE) [1 and CCI4 in organometalic vapor phase without carrier gas was used. Carbon incorpora-
epitaxy (OMVPE) [9]. One less desirable property tion results from the incomplete Ga-C bond
of heavily C doped GaAs is a significant change in cleavage. Thus. C will preferentially sit on the As
lattice parameter [2.101 with C concentration above site as an acceptor. The concentration of C de-

(X22-0249/91/$03.50 1991 - Elsevier Science Publishers B.V. (North-Holland)
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pends on how efficiently the CH 3 radical is cleaved perlattice is grown by alternating injection of
away and removed from the surface. With increas- TEGa and TMGa with a constant TMAAI flow.
ing As flux, the C level is generally found to
decrease. The presence of hydrogen, in particular
ionized species [11], also reduces the C impurity
level. Therefore, a small V/IlI ratio is desirable 3. Charactezation of the C doped GaAs and u-
for CBE growth of GaAs :C. From a chemical Perattice
kinetics point of view, lower growth temperature
favors C incorporation because of slower Ga-C Earlier we have shown that a mismatch of
cleavage rate. However, at low growth tempera- about (4a/a), = 1.3 X 10- 3 is measured for a 2
ture. hydrogen passivation [12] may reduce the jim thick GaAs: C epilayer [8]. The C concentra-
electrical activity of C. Furthermore, the growth tion, 7.2 X l0l cm - 3, will result in a mismatch of
rate becomes more sensitive to any change in about 6 X 10' for unstrained epilayer if a Ga-C
substrate temperature which may lead to fluctua- bond length is assumed by replacing the covalent
tions in the layer thickness of superlattice. In radius of As with that of C. This approach has
order to obtain high C doping level with good been employed to account for the partially relaxed
periodicity. here the GaAs/GaAs:C superlattice heavily C doped GaAs [10]. Thus, the measured
is grown at 550C using a V/Ill ratio of 2. The mismatch suggests an unrelaxed tetragonally dis-
nominally undoped region (C - 1 X 10, cm - 3) is torted lattice, consistent with the narrow X-ray
grown by using TEGa. diffraction peak width.

For the growth of AIGaAs. trimethylamine In fig. 1. intense satellite peaks of the GaAs/
alane (TMAAI) from Cyanamid was used as the GaAs:C superlattice with reflection up to order
Al source gas. Very recently, the use of alane n = 7 are clearly observable. Satellites up to order
along with TEG has been shown to result in much n = 10 are resolved at improved signal/noise level.
improved AIGaAs layers with lower oxygen and The narrow width of satellites suggests that inho-
carbon contamination [13]. This makes possible mogeneity in strain and thickness along the growth
the preparation of entirely CBE grown HBTs with direction is very small. The abrupt interface can
both uniform and graded bases [14]. Whereas, also be observed using transmission electron mi-
heavily carbon doped AIGaAs is obtained by using croscopy (TEM). Fig. 2a shows sharp contrast of
TMAAI and TMGa. The AIGaAs/AIGaAs: C su- the GaAs: C/GaAs interface. The thickness mea-

CBE GaAs/GaAs:C
SUPERLATTICE

. SUBSTRATE X = 1890 A
Z n= 010 4 n = -1 n=1

Ir 10 3

10 2

Z- 101

1 I I I L I L

200 400 600 800 1000 1200 1400 1600

X-RAY DIFFRACTION ANGLE (ARC SECOND)

Fig. I. X-ray rocking curve of a 30 period GaA.%(950 A)/((iaAs: C(940 A) doping superlatticc.
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Fig. 2. Cross sectional TEM micrographs of the GaAs/GaAs: C superlattice (a) before (b) after a 900 C anneal for I h.

sured from TEM agrees with the X-ray measure- expected to extend across tens of angstroms at the
ment to within 3%. It should be noted that even if interface.
the chemical interface is abrupt at monolayer scale, The reduction in satellite intensity scales with
a gradient in the strain field still exists and is increasing order as n - ' , which is illustrated in fig.

3. This dependence can be apiproximated by as-

1 o~ suming a square waveform in the strain modula-
tion. Whereas, chemical modulation in composi-

a DATA tion will scale as n-2. Attempts to fit the satellite
n -4 intensity using sinusoidal or trapozoidal wave-

forms are not successful. This is an indication of
10

5  
- - abrupt doping interface. Small deviation from n-4

dependence for high order index suggests a small
statistical imperfection of the interfaces which can
either be caused by small thickness variation or
change in strain field accross the interface.

103 -X - 4. Strain and composition modulated AIGaAs su-
perlattice

The chemical configuration of trimethylamine
J0; alane, [(CH,)Nh2AIH 3 , indicates this compound

contains no Al-C bond [151. The N(CH 3)3 group
cleaves away easily at low temperature leaving an

aunstable adsorbed AIH 3 molecules, which results
10 L, in efficient Al deposition above 200°C. Thus, the

0 1 2 3 4 5n 6 1 s 9 10 11 carbon incorporation in the growth of AIGaAs
Fig. 3. Satellite intensity of the GaAs/GaAs:C superlattice using TMAAI and TEGa is not expected to be any

versus order index n. higher than in the case of using Al-alkyl contain-
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ing Al-C bond, of which a carbon level below constant TMAAI flux. Although the TMGa and
1017 cm- 3 has been reported [16]. The X-ray dif- TEGa flow rates are chosen to give equal Al
fraction scan of a CBE grown Al 0.1Ga 0.9As/GaAs compositions based on the GaAs/GaAs : C
superlattice is comparable to that of the MBE growth, fig. 4 indicates clear asymmetry due to Al
grown superlattice samples. From a Si doping composition modulation in the satellite intensities,
study, the oxygen contamination in the AIGaAs which no longer scale with order index n -4. This
layer is estimated to be on the order of 1 X 101s  suggests the presence of TMAAI affects the GaAs
cm -, which has also been observed in the high growth rates differently for TMGa and TEGa.
quality AlGaAs layers using TMAAi from a dif- Nevertheless, the n = 0 superlattice peak shifts to
ferent source supplier [13]. There is no indication larger diffraction angle indicating a compressive
that oxygen contamination at this level will lead to strain in the superlattice as a result of heavily
any noticible change in lattice parameter. carbon doped AIGaAs layers. With optimized

When TMAAI and TMGa are used for the composition control, it is possible to grow AlGaAs

growth. heavily C doped AlGaAs is obtained. The superlattice with strain modulation alone for X-ray
hole concentration of the nominal Al 0.1Ga 09.As characterization.
epilayer grown at 5700 C is about 1 X 10 0 cm - 3.
about 30% higher when compared to GaAs: C
using similar low V/1ll ratio. In the growth study
of arsenide compounds using trimethyl-In (TMIn) 5. Effect of thermal annealing

[17] and TMGA [8]. the non-linear region in
growth rate characteristics, where the recombina- Anneal experiments of the GaAs/GaAs: C su-
tion of adsorbed methyl radicals and fragmented perlattice are carried out in quartz ampoule sealed
alkyl molecules is significant, occurs at much with controlled amount of As. Fig. 2b shows the
higher temperatures for TMGa. This indicates a smearing of interfaces as a result of noticeable
stronger methyl-Ga bond, and a much higher C diffusion of C into the undoped region of the
level is obtained in GaAs than InAs. Considering sample annealed at 900' C for 1 h. Hall measure-
the bond strength of Al-C, the presence of Al is ments of the unannealed sample give an average
expected to enhance the carbon incorporation of hole concentration of 3.43 x 10" cm - 3 and a mo-
AIGaAs. bility of 58 cm2/V • s. After annealing at 900 C.

Fig. 4 shows the X-ray diffraction of an Al- this sample shows an average hole concentration
GaAs/AIGaAs: C superlattice grown by using a of 1.55 x 1019 cm- 3 with an increased mobility of

106 AIGaAs/AIGaAs:C
superlattice

S105 -2 n=0 2 X 2 025A

• 30 periods

- 10
4

t_ 103  -6 6

(0 101
Z
LU 

-4

Z 10 2

0 2 4 6 8 10 12 14 16 18 20

DIFFRACTION ANGt E 0 (arc secs) x 102

Fig. 4. X-ray diffraction rocking curve of the AiGaAs/A1GaAs: C superlattice.

L . ..
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77 cm 2/V • s. Similar results are measured for the doped region. However, the width of the satellite
sample annealed at 700 °C for 16 h. Contrary to peaks remains insensitive to the annealing.
the case of bulk GaAs: C where annealing usually Quantitative information of the C diffusion coeffi-
results in reduced mobility, the higher mobility cient, D, can be estimated from the reduction of
indicate the contribution of hole conduction in the satellite intensity of high order superlattice har-
undoped region resulting from diffusive transport monics [18]. Fig. 5 shows the Arrhenius depen-
of C from the heavily doped layer. The reduction dence of D for samples annealed at 700, 755, 800
in hole density suggests the occurrence of self- and 900 °C for 16, 16, 8 and 1 h, respectively. The
compensation due to site changing of C, or posi- activation energy for C diffusion is 2.8 eV. Also
tively charged C interstitial. This implies that the shown is the Be diffusion coefficient with an
carbon diffusion may also involve Ga sublattice as activation of 2.0 eV obtained from capacitance-
opposed to the mechanism via As vacancy [41 or voltage measurement of the annealed Be 8-doped
interstitial As which is easily formed under our GaAs samples.
annealing conditions with excessive As overpres-
sure.

The long anneal time under equilibrium condi- 6. Summary
tion results in homogeneous diffusion of C
throughout the entire superlattice. A systematic We have shown that high quality strain mod-
shift of the zeroth order peak toward the substrate ulated GaAs and AIGaAs carbon doping super-
peak is observed, indicating the reduction in the lattice can be prepared by CBE using TMGa.
overall strain. The satellite peak height reduces as TEGa and TMAAl. Localization of the carbon
a consequence of the reduced asymmetry in the impurity has been examined by TEM and X-ray
carbon concentration between the doped and un- diffraction analysis, which confirms the abrupt-

ness of the interfaces on an atomic scale. By
comparing the satellite intensities of the as-grown

p and annealed GaAs/GaAs: C samples, the C dif-
fusion coefficient is found to be almost 2 orders of

A Be magnitude lower than that of Be in the tempera-
&0 " ,-cture range from 700 to 900°C.
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The relation of Si incorporation site and the growth parameters in MBE growth of GaAs and (AlGa)As on I 1)A surface is
svstematicallyv investigated. Both n- and p-type GaAs and (AIGa)As layers with reasonably low compensation are achieved, and the
dependencies of Si incorporation on the parameters can he qualitatively understood by the change of the population of As atoms at
the surface. Two-dtmensional electron and hole gas (2DEG, 2DHG) structures are successfully grown on (I I 1)A suhstrates.

1. Introduction In order to elucidate the mechanisms of growth
and impurity incorporation and to control the

The epitaxial growth on patterned substrates is electrical properties of the layer grown on V-groove

receiving much attention for its importance in the surfaces, we report here a systematic study on the

formation of advanced quantum structures such as MBE growth and characterization of Si doped

quantum wires (QWI) and quantum boxes. This GaAs and (AlGa)As layers on flat (111)A surfaces.

will be a key process. especially, for the V-groove- We stddy, in particular, how the Si incorporation

edge QWls. where QWls are to be formed by the site can be controlled by the growth conditions.
overgrowth of n- or p-type wide-gap material on We report also the successful formation of bothoverrowh ofn- r ptypewid-ga matria on two-dimensional electron and hole gases on (I 1 I)A
V-grooves cut into undoped quantum well struc- two-dim esnal eeo a hle son (111 )A
tures [1]. The growth of high quality GaAs and GaAs surfaces by the use of silicon dopants.
(AlGa)As and the control of dopant incorporation
on (I l l)A Ga stabilized surfaces are extremely
important since anisotropic and chemical etching 2 ExperimentiA procedure
suitable for the formation of such V-grooves tends
to expose (III)A surfaces. Several works have
shown, however, that the MBE growth on (I1 )A Semi-insulating (CrO-doped) HB grown (100)
surfaces is quite different from that on (100) and (Ill)A GaAs substrates were used. The sub-
surfaces, and that p-type conduction [2,3] and strates were prepared by standard procedure: de-
both p- and n-type conduction [41 are obtained on greasing, I min etch in 8H 2SO 4 :1HO,: IH20,
Si doped GaAs and (AlGa)As. rinse in DI water, and drying with N. gas. The

0022-0248/91/S03.50 f, 1991 - Elsevier Science Publishers B.V. (North-Holland)
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(100) and (lIl)A substrates were then mounted electron densities of 7 X 10'7-2 x l0 I cm in
side by side on a Mo holder with In solder. All (100) samples.
samples were grown in a conventional MBE sys- Suppose that the total density of Si in GaAs is

tern. Arsenic pressures (fluxes) were measured with represented by Ns, and that the density of Si

B-A ion gauge, and substrate temperatures were incorporated in As (acceptor) site and in Ga
measured with a thermocouple which was cali- (donor) site are respectively denoted as NA and
brated at the dissociation temperature of native ND (Nsi = NA + Nr)). Since the compensation is
oxide on GaAs. Growth rates were measured using negligible in the n-GaAs growth on (100) surfaces,
RHEED intensity oscillation. Ns, can be determined from the electron density

measured at 300 K on (100) samples, which are
grown simultaneously with the (lll)A sample.

3. Si doping of GaAs grown on (111)A surfaces Since the electron or hole concentration measured
on the (I lI)A sample is equal to (N1, - N,) or

Since the original (III)A GaAs plane consists (NA - AN)), NA and N can he separately de-

of rows of Ga atoms with single dangling bond on termined from measured carrier densities and Ns,.

each site. arsenic atoms are bonded only weakly to In order to cancel out the fluctuation of Si flux

the surface and may easily desorb from the grow- between each growth. we discuss here the normal-
ing surface as compared with (100) surface [2]. ized values: the fraction of acceptor-site silicon f.
Hence. it is expected that the surface population (fA, A r%/A',, ). and the fraction of donor-site sili-
of As atoms can be easily controlled by the change con J", (f, = Nf)/Ns. ).
of growth conditions. If the amphotericity of Si is Fig. la shows the measured fraction f, of
influenced by the relative occupancy of As on the As-site Si as a function of arsenic pressure ( P.,,)
surface, the incorporation site of Si may be con- with the substrate temperature (7s) during growth
trolled h,, growth parameters such as substrate as a parameter. The growth rate was about 0.6
temperature and arsenic fluxes. Indeed. we show Inm/h (0.54-0.63). One can see that ./. varies in a
here how, the Si incorporation site is related to and wide range when P,, and T, are varied. There is
controlled by the growth conditions. a tendency that Si atoms are predominantl\ incor-

The structures grown to assess the carrier den- porated in the acceptor site (f., - 1) when P, is
Nits and mobility consists of 5000 A GaAs buffer, lowered or T is raised, whereas they get in the
5000 A Si doped GaAs. and 1000 A undoped cap donor site under the opposite condition. At T, =

GaAs lavers. Si flux was adjusted to obtain the 530'C. f, depends almost linearl, on PA,,., while

1.0 0.0
a 1.00.0

Ts (C) b
- 580o555
o 530

C
- 505
o 480 0.5 4 0,5 0.5 45'

PA4
= 

1.5x10- torr

Growth rat.c TS = 530WC

- 0.6 Lim/h -
0.01 1 1 i 1.0 0.0 ' 1.0

0 2 4 6 8 0 2 4 6

A34 PRESSURE t10 STorr) Ga FLUX (xl0
- 

Torr)

1g f raction of Si atoms in As site ( f. ) and in 6a site I]I)) as a function of growth parameters. (a) )ependencies of f., and l,,

on arsenic pressure Ifluxo are shown with substrate temperature as a parameter. Growth rate is (.6 pm' h. (b) Dependencv of /. and

t[ on (Ga flus, Arsenic pressure is 1.5 X If) Torr and growth temperature is 530(C.
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1.0 , incorporation site of Si by the choice of these
parameters. It should be emphasized that both n-
and p-type conduction can be achieved with rea-

0.B50v sonably low compensation. The observed depend-
encies of fA and fD on these parameters suggest

4 - 0.1- that the change of Si incorporation with these
growth parameters can be qualitatively under-

PA,= 4.3x10 -storr stood by the change of As population at growing
Growth rate:0.6 Pm/h (111)A surfaces. To establish the microscopic un-

derstanding of Si incorporation beyond this sim-
1.1 1 2 1.3 1.4 pie picture, detailed analysis of the above results is

needed in future.
1000/Ts (K-')

Fig. 2. Replot of the fraction of Si atoms in Ga site (tf)) as a
function of inverse substrate temperature 1000/T,. Growth 4. Formation of two-dimensional electron and hole
rate is 0.6 ,Mm/h and arsenic pressure is 4.3 x 10 - Torr. From gases
the middle three points, an activation energy of 0.85 eV is

obtained. Since the precise determination of f, or f, on
Si doped (AlGa)As layers from the measured car-

the increment of A" saturates when P,, is lowered rier concentration gets quite complex because of
at higher Ts.At Ts =-480 ' C. on the other hand, the formation of DX centers, we studied how& the
fA decreases and approaches a saturatory value room temperature carrier densities of Si doped
when P,,,, is raised. Fig. lb shows the relation (AlGa)As grown on (Ill)A surfaces are related to
between f, and Ga flux at T = 530'C and p., 4  growth temperature. The result is qualitatively
= 1.5 x 10 Torr. It is apparent that f4, in- similar to that on Si doped GaAs. except that Si
creases almost linearly with Ga flux except for the seems to be incorporated more to Ga site in
point where f, is very close to unity, indicating (AlGa)AS growth than in GaAs growth. It is
that the supply of Ga enhances the Si incorpora- probably due to the stronger bonding of As to Al
tion in an As site. The replot of f, for PA, = 4.3 atoms.
X 10 - Torr as a function of inverse temperature Choosing the appropriate growth conditions.
1000/T is shown in fig. 2. Since fD represents the we successfully formed the two-dimensional elec-
state of the GaAs surface where Si is incorporated tron and hole gas (2DEG. 2DHG) structures on
in a Ga site. ft) is related to the density of As (IlI)A substrates. The grown structure for 2DHG
atoms bonded to surface. Since the two end data is 1 jtm GaAs buffer layer followed by 100 A
points that are close to f, = 0.0 and ft) = 1.0 may undoped Al, 3Ga 0 7 As ° spacer, 1000 A Si doped
include larger experimental errors and also may Al 0, 3Ga 0 .7As, and 100 A undoped GaAs cap layers.
deviate from the simple linear model, we pay The 2DEG structure is I lim buffer GaAs layer
greater attention here to the middle three points in followed by 3500 A Si-doped Al, ,Ga 0 ,As and
fig. 2. They fall on the exponential relationship 100 A cap GaAs layers. and Si was doped heavily
exp( -EjkT,) with the activation energy E. of
0.85 eV. This activation energy term may be re-
lated to the desorption process of As atoms during Table I
te trowthe deoIptionApuroces oGrowth conditions for 2DHG and 2DEG structures

the growth on (111 )A surface. _____________________

The results shown above clearly point out that Growth rate Substrate As4, pressure
the fraction I, of As-site Si, or the fraction f, of (Mm/h) temperature (x 10 ' Torr)
Ga-site Si, varies in a wide range when arsenic (1c)

pressure, substrate temperature and Ga flux are 2DHG 0.6 580 1.0

changed. and one can control quantitatively the 2DEG 0.2 480 3.0
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0o n:F (1)A 5. Conclusion
I0 *p(111)A

s We have shown in this paper how the incorpo-
- 10 ration site of Si in the growth of GaAs on (IIl)A

" 1 3 >I surfaces is related to the growth parameters such
as substrate temperature, arsenic pressure. and

10129 gallium flux. The fraction of As-site Si or Ga-site
Si si found to be controlled in a wide range by the

02 0 appropriate choice of these growth parameters.

100 10' 102 10 o and both n- and p-type GaAs and (AlGa)As layer
TrMI. ATURE (K) with reasonably low compensation are achieved.

Fig. 3- Temperature dependence of carrier densities and mobil- Dependencies of Si incorporation on these param-
ities of 2DEG and 2DHG grown on (111)A substrate. Open eters can be qualitatively understood by the change
circle corresponds to 2DEG and solid circle to 2DHG. Broken of the population of As atoms at the surface.
line shows the mobility of a (100) sample that is grown Two-dimensional electron and hole gases were

simultaneously with (I1l)A sample of 2DEG structure, successfully formed on (11 I)A surfaces. The 2DEG

on (Ill)A surface showed comparable mobility
((2-3) X 10 s cm 3) in the (AlGa)As layer in order with (100) samples and the mobility of 2DHG was
to obtain high two-dimensional electron densities, as high as 32000 cm 2/V - s at 4.2 K. Hence one
The growth parameters are summarized in table 1. can conclude that one of the important problems
It is worth noting here that we could obtain the for the formation of V-groove-edge quantum wire
2DEG only at low growth rate (0.2 A.m/h). structures and other advanced quantum devices

Fig. 3 shows the temperature dependence of which use the modification of epitaxial surface has
carrier densities and mobilities of 2DEG and been solved. Detailed study on the chemistry of Si
2DHG. The 2DHG sample showed a maximum incorporation is a subject of future research and
hole mobility of 32000 cm 2/V - s and a hole den- its clarification is necessary to improve qualities of
sity of 3.2 x 101 cm ' at 4.2 K. On the other the layer grown on (III)A surface.
hand. a sheet electron density of 1.5 x 1012 cm 2

is obtained on the 2DEG sample grown on the
(II )A substrate. This value is almost the same as Acknowledgements
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Si doping and MBE growth of GaAs on tilted (111) A substrates

M. Shigeta, Y. Okano, H. Seto. H. Katahama, S. Nishine, K. Kobayashi

A TR Optical and Radio Communications Research Laboratories. Sanpeidani Inuidani. Seka-cho Soraki-gun. K!'oto 619-02. Japan

and

I. Fujimoto

Science and Technical Research Laboratories f NHK. Kinuta, Setagava-ku. Tokyo 157. Japan

Molecular beam epitaxs of GaAs doped with Si on a vicinal surface of (I IlIA. 1211)A and (31 1A have been examined. 'Ilie
variations of the impurity concentrations are dependent on the growth conditions and are affected b- the angle of the substrates. The
lmpurtt concentrations are compared with a model calculation which is based on microscopic surface structure, . 1 kinematical
,urface reactions. Growth modes are monitored by reflection high-energy electron diffraction intensit, oscillations. A doping
mechanism of Si atoms into GaAs films is proposed.

1. Introduction to growth conditions [7.81. In this paper, we in-
vestigate the growth and Si doping mechanism of

Substrate surface microscopic processes during MBE grown GaAs on tilted (IlIMA substrates
molecular beam epitaxy (MBE) growth are in- including (211 )A and (311 )A. The ionized impur-
%olved in realizing mesoscopic structures. Micro- ity concentrations on tilted substrates are corn-
scopic surface structures on tilted substrates [1.2] pared with the model calculation. The roles of
and lateral variations of doping properties on pat- microscopic bond strocture on growth modes and
terned substrates 13] have been reported. The mi- doping mechanism are studied by RHEED. and
croscopic growth mechanism has received consid- electronic properties are studied by photolumines-
erable attention for device fabrication as well as cence.
for basic physics studies. The nature of the growth
modes in MBE. i.e. two-dimensional nucleation
and step propagation, has been investigated by 2. Experimental
rcflection high-energy electron diffraction (RHE-
ED) intensity oscillations [4]. On the other hand. The MBE growth of Si doping into GaAs was
as Si is the amphoteric dopant. the incorporation conducted as follows. The substrates employed are
mechanism during MBE growth would be greatly 10, 3 and 5 ° off (11 I)A toward (100) in addition
affected by the growth modes. It is well known to (IIl)A, (211)A and (311)A. The substrate tern-
that the conductivities of GaAs films doped with peratures were varied from 500 to 600'C. The
Si on nonplanar substrates, which have (IlI)A flux intensities of Ga (7.3 x 10 7 Torr) and Si
steps and (100) terraces, are p-type on the step were fixed. The Si source temperature was 1330°C.
and n-type on the terrace [3]. This result is similar The flux ratio -y = JA5 /J{, was varied from 1 to 7.
to that of planar substrates [5.6]. The growth rate was about 1 jim/h and the film

Recently. we have studied the conductivities of thickness was 1 fim. The conductivity types and
MBE grown GaAs on tilted (I11 )A substrates due ionized impurity concentrations were measured by

M022-0248, 91/$03.50 - 1991 - E.lsevier Science Publishers B.V. (North-Holland)



M. Shigeta et al. / Si doping and MBE growth of GaAs on tilted (I I I)A substrates 295

the C- V method. Photoluminescence spectra were For simplicity, desorptions of the atoms are ne-
measured at 11 K using the 514.5 nm line of an glected. The ratio of site numbers NT/Ns is ap-
argon ion laser. proximated by NT/Ns - 0.94/tan 4, for a small

tilt angle (4) cl" the substrates, and is 2 and 1 for
(211) and (311) substrates, respectively.

3. Results and discussion Fig. I shows the conductivity map in the plane
of tilt angle 4, and flux ratio -y. We note that the
incorporated Si concentration was little influenced

3.1. Doping and growth modes by substrate misorientation with secondary ion
mass spectroscopy (SIMS) measurements. The

The tilted substrates of (ll1)A have two differ- dotted line in fig. I shows the neutral condition
ent types of bonds ((100) and (lll)A) which might N, = NA of the above equation. The values of the
appear on the step and terrace of the surface. The fitting parameters are chosen as follows: K2/KI
amphoteric dopant Si dominantly acts as donor 0.5. K 5/K 4 = 0.3. K3'/K 4 = I and K4 = 0. The
on (100) and acceptor on (Ill)A. The amounts normalized impurity concentration variations with
and occupation sites of incorporated Si during respect to flux ratio are shown in fig. 2. The
MBE growth were treated independently for both experimental values are well fitted to the calcu-
surface bonds. We assume that the Si incorpora- lated values, except for the 5' of substrate in both
tion rates on the terraces having Nr sites are figures. In this case, the conductivity tends to be
determined by the following rate equations. These n-type, which resembles the feature of the step
are bonds (100) on the surface. From the above dis-

d .V)/dt = JNI K^0, crepancy we believe that the growth mode is step
propagation rather than two-dimensional nuclea-

for Si into Ga sites and tion as is the case of 5o off substrate.
The films on the tilted (Ill)A substrates, ob-

d ,'.%/dt = JNTK4 1  served by a scanning electron microscope (' SM).
commonly have a somewhat rough surface mor-

for Si into As sites, where NI and Nq are respec- phol haveamewat ugh suramor-

tivelN the impurity concentrations of donor and phology with pyramidal facets. But the pyramidal
o Jstructures fade out with the increase in substrateacceptor. J1 is the Si flux. K and K4 are respec-

tiselv the sticking coefficients of Si onto the As misorientation. This result suggests the difference

and Ga surfaces, and 0, and 0, are respectively
the surface coverages of Ga and As atoms. Similar
equations arc written for incorporation rates of Si
on the steps with N," sites. The sticking coeffi-
cients and coverages are denoted by a prime.
Finally, the ionized impurity concentration N. -
,) is written as .o n-type

N\ - A', - JN, ( K46O - KO:) .-

+ J,( KO 1' - K'O,). .,

The surface coverages (0. 0,) were written using 0 6 0 p-type ,
the flux ( ill J, ) and sticking coefficients (K, K,) 0 e
of Ga and As as 0

0.0 0.1 0.2 0.3 0.4 o.s 0.6

60 1 0,= KIJI/( K1 J + KJ,). Off-Angle (tan;

62 6" = K J/( K1J * KJ, F) ig. 1. Conductivity map in plane of tilting angle (l) and flux
- - ' - ratio (y).
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in growth behaviour of tilted and exact (111)A
substrates.

The growth modes of GaAs on tilted (111)A
substrates were investigated by RHEED intensity
oscillation. Figs. 3a and 3b show the RHEED
patterns of 30 off substrate with incident direction
[0111 parallel to the step and [211]. As the angular
profile of the RHEED pattern in fig. 3a is broader
than that of fig. 3b. there is a large fluctuation in
the terrace length [9]. The RHEED intensity of
tilted (I ll)A was measured using integral order
spots. Calculated from the growth rate measure-
ments of 3' off substrate in fig. 3c. one period
of oscillation corresponds to an atomic-layer
( a(/vi = 1.6 A) growth. But no oscillation has (b)
been observed 50 off substrate. The growth mode
results are coincident with the impurity concentra-
tion results.

3.2. Photoluminescence

Fig. 4 shows the results of PL measurements of
the samples with y = 4.8. The shapes of PL spectra
for the compensated (30 off) and non-com-
pensated (5°off and 311)) are shown in fig. 4a.
The low-energy edge of the compensated sample
falls gradually and resembles the edge of the

C 60Gaussian [10] and the high energy edge reflects the 60
fluctuation of local potential. The peak energy in 50

the compensated sample is varied logarithmically . 50

40

1.0 30- 30

A 3off
2001 c [ 5* off

00 0

z iof 0 1 2 3 4 5 6
Time secO0

-05 ; .. .Fig. 3. RHEED patterns along 0)1 |] (a )and 12111 () azimuthal

i ........... directions. RIIEED intensitS oscillation 30 off substrate is

shown in (c).

0 5 10
Flux Ratio i with respect to excitation intensity, as shown in

Fig. 2. Impurity concentration as a function of flux ratio ( ) fig. 4b, The shifts are associated with band tails in
for different substrates 3' off. 50 off and 1311 A. compensated samples [10]. On the other hand.
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10, 1.55 1 1.1
(a) (b)

0,3' off 50 oIf f 1%(311) (11150-

-0 C 1.5

4) 16 .0 'off

- 10'a 1.35

10 2 13 14 . . 1.350 6, 1d 0

Photon Energy eV Excitation Power mW
Fig. 4. PL spectra for -y = 4.8 are shown in (). Excitation intensiti; is 5 mW. Excitation intensitN dependenc. of peak energN w~ith

different suhstrate, are shown in (b). Substrate orientations are 3' off.S 0 off and (31 I fA.

non-compen sated samples have sharp peaks and and doping mechanism are confirmed hy RHEED
sho,. no peak shift. PL spectra of the films show a and PL spectra.
behaviour corresponding to the impurity con-
centration.
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Effect of neutron irradiation on transport in heterostructures

Junming Zhou, Weimin Jin, Jianmin Mao and Yi Huang
Institute of Physics. Chinese Acadeniy of Sciences, P.O. Box 603. Beijing 100080. People's Rep. of China

The effects of fast (E,, = 14 MeV) and thermal ( E = 0.025 eV) neutron irradiation on quantum transport in modulation-doped
heterostructures and double barrier resonant tunneling diodes have been investigated. In the case of modulation doped heterostruc-
tures. both concentration and mobility of the 2DEG at 4.2 K decreased in the dark after fast neutron irradiation. The Hall plateau
broadened and the SdH oscillation was clearly enhanced under high magnetic fields. The increase of the concentration and mobility
of 2DEG. Hall plateau broadening and SdH oscillation enhancing as well as parallel conductance %ere observed at 4.2 K in samples
irradiated by thermal neutrons. All the changes disappeared gradually with me. In double barrier resonant tunneling structures
irradiated b. fast neutrons, the peak current position Vr, valley current 1. and peak-to-valley ratio (PTVR) decreased.

1. Introduction mobilities than lightly doped bulk GaAs at low
temperatures. We reasoned that the electrons in

Many experiments on the effect of neutron the channel would screen the defects induced by
irradiation in GaAs bulk materials have been per- the neutron irradiation as well, so that devices
formed 11-41. Classification of the defects pro- made from modulation doped heterostructure
duced and their energy spectrum of the irradiated would stand against irradiation more strongly.
materials were the main subject of interest. Ex- In the first experiments of fast neutron irradia-
periments have revealed that the anion antisite tion [5.6], we observed several phenomena which
As(, configuration and complexes of As(,- V,, could not be explained solely by the defects intro-
exist in semi-insulating GaAs irradiated by fast duced by fast neutron irradiation. We attributed
neutrons. Fast neutron irradiation of n-GaAs this to the effect of mixed beam irradiation where
mainly induces two deep electron traps in the the fast neutrons dominated, but the thermal neu-
band gap. The first is referred to as EL6 with an tron effect could not be ignored. In this paper. the
energy level at E, + 0.6 eV. The second has a wide effects of fast and thermal neutron irradiation on
energy distribution around E, - 0.5 eV and is transport in heterostructures will be reported.
referred to as the U band.

As is well known, in quantum Hall effects
localized states play an important role in interpre- 2. Sample preparation and neutron irradiation
ting the existence of Hall plateaus. Fast neutron
irradiation can introduce artificial defects to the The modulation doped heterojunctions and res-
heterostructure. Hence the effect of localized state onant tunneling diodes used for neutron irradia-
on Hall plateaus can be invetigated in 2DEG tion experiments were prepared in a home made
samples irradiated by fast neutron. In addition, in MBE system in our group.
the GaAs channel of 2DEG. the background im- The samples for QHE studies were grown at a
purity concentration may be in a range of low 10t4 substrate temperature of 6000 C and a growth rate
to high 1 0 14 cm - 1, and electrons with high con- of I pm/h for GaAs layers. and 0.6 pm/h for
centration (the high 1017 cm -) in the 2D channel AIGaAs layers. A 1 pm thick undoped GaAs
screen the background ionized impurities. There- buffer layer, followed by a 200 A undoped
fore. the screening effect results in much higher AI,Ga1  ,As space layer. and a 400 , thick Si-

0022-0249/91 /$03.50 1991 - Elsevier Science Publishers B.V. (North-Holland)
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doped Al Ga, _ As layer and 150 A GaAs cap Table I

layer were grown on a (100) oriented SI GaAs The concentration n2D and mobility i2D of 2DEG before and
after fast-neutron irradiation of 2.1 x 101- 

n/cm
2. which were

substrate. Standard Hall bridges were fabricated measured in the dark and with light, respectively, and at 4.2 K
by lithography and indium balls were used for _____________________

ohmic contact. n,,, (1011 cm 2) 112D (104 cm
2
/Vs)

The double-barrier structures used here consist Before irradiation

of a buffer layer, an AlAs-GaAs-AlAs double Dark 2.74 15.8

barrier and a cap layer. The thickness of symmet- Light 5.18 25.7

ric barriers is 25 A and the GaAs well width is 70 After irradiation

A. The spacer layers are undoped GaAs layers of
15 A. Circular mesas were prepared by wet etch- Dark 2.65 10.5

ing with diameters ranging from 30 to 80 tm. Light 5.32 19.0

AuGe/Ni was deposited and alloyed as Ohmic
contact. GaAs modulation-doped heterostructures. the

Two sources of fast neutrons were used. One constituent elements have nuclei with intermediate
source used for low dose irradiations was from the masses in the range from 25 to 80. When the
reaction T + d - a + n + Q. with the outgoing samples are bombarded with fast neutrons of about
neutrons of about 14 Mev energy and unit flux of 14 MeV. elastic scattering (n, n) processes are
1.2 X 109 n/cm2 -s. Another source for higher dose dominant. As a result, a large number of defects.
irradiation experiments was from the ' 5U nuclear such as As c, V(2 - and As(,,-V,;a occur. Since it
fusion reaction with neutrons of energies ranging is difficult for a fast, high energy neutron to be
from I to 20 MeV and a flux of 1.2 × 10" n/cm2 - captured by a nucleus, the probability of nucleus
s. The high thermal neutron flux was reduced by capture (n, y) is so small that the irradiated sam-
lining the watertight container with a layer of pies are free from / decay and -y radiation. There-
cadmium. fore. the characteristics of the transport in such an

The nuclear splitting reaction of heavy-nucleus irradiated sample will be time independent, con-
actinium in a light-water moderated nuclear reac- trary to the situation in the thermal neutron
tor was used as a source of thermal neutrons. irradiated samples.
Apart from a small number of high-energy neu-
trons, the majority of neutrons from the thermal 3.1.1. Mobility reduction of 2DEG
neutron pile had an energy of about 0.025 eV with Table I shows the changes of carrier concentra-
unit flux of 1.0 x 1011 n/cm2 - s. tion and mobility from a typical sample before

and after fast neutron irradiation. Although the
carrier concentration decreased in the dark after

3. Modulation doped heterostructures under neu- irradiation, the change was very small. This im-
tron irradiation plies that the resulting electron traps were few in

number compared with the electron concentration

3.1. Effect of fast neutron irradiation [7] in the 2DEG channel after a dose of 1013 cm - 2

neutron irradiation. In the fast neutron irradiation
Six Hall bridges were used in these experiments experiments on GaAs bulk materials, the defect

and neutron irradiation was performed with the introduction rate has been determined to be 20-30
fast neutron source of lower flux intensity. After 5 cm-1. Therefore, in our Si doped AIGal- , As
h of irradiation, the total neutron flux was p = 2.1 layer and 2DEG channel region with a total thick-
x 10"s n/cm. By monitoring the irradiation pro- ness of 700 A, the defect concentration was esti-
cess, it was found that the longitudinal resistance mated to be around 3 x 10' cm -2, which could
of the sair les at room temperature increased not cause a large change in the channel electron
gradually, which gives evidence that defects have concentration through trapping in the samples
been induced in the samples. In Si-AI ,Gal - As/ used for the experiments.



290 Junming Zhou et a. / Effect of neutron irradiation on transport in heterostructures

As is well known, at low temperatures the most extended states which are associated with short-
important scattering mechanism is Coulomb scat- range scattering. In the case of high concentration
tering. As a rough estimate, it may be assumed of scatterer, the conductivity has a maximum (N
that there is strong Coulombic scattering between + 1/2)e2/&2h. In the case of low concentration
ionized defects and 2D electrons only in regions of of scatterer, the conductivity has a maximum
200 on both sides of 100 A wide 2DEG channel. 2 re 2Ni(N + 1/2)e2h (N, stands for scatterer con-
For neutron irradiation of 2 X 1013 cm 2. the in- centration, N for Laudau level index). In our
duced defects in the 500 A thick layer are about samples the undoped spacer is about 200 A thick
3 X 109 cm -2. which is comparable with the and electrons at the heterojunction are influenced
amount of residual impurities in the channel. by the weak scatterer potential, so the maximum
Therefore. the effect of neutron irradiation on conductivity would increase with scatterer con-
carrier scattering by induced defects is much centration. After calculation and approximation.
stronger than that on carrier trapping by those the peak value of the SdH oscillat~on of the Nth
defects. Landau level is given by

3.1.2. Hall plateau broadening and SdH oscillation (R, ) N, 2a( N + 1/2) B (I)
enhancement 

iTen -

Quantization of the Hall resistance of the 2DEG which is enhanced with increasing scatterer con-
was observed by von Klitzing et al. in 1980 [8]. centration N,. as shown in fig. 1.
The Hall plateaus appear when the Fermi level
resides in the Landau localized states. In the case
of fast-neutron irradiation, the elastic and inelastic 3.2. The effect of thermal neutron irradiation [91

scattering give rise to geometric distortion of the Six AlGa, - ,As/GaAs modulation doped het-

lattice in our samples. As the scatterer concentra- erojunction samples. divided into three groups,

tion increases, the localized states of the 2DEG have been irradiated by thermal neutrons for 2

also increase. As a result, the energy band of the min, 20 min and 1 h, with a total flux of 1.2 x 103.

Landau extended state is compressed. while the 1.2 x 1014 and 3.6 x 1014 n/cm2. respectively.

impurity band of the Landau localized state is When such samples are bombared by thermal

expanded under strong magnetic fields. Naturally. neutrons of about 0.025 eV. nuclear capture (n, -y)

we can see the Hall plateaus are broadened just as should be the dominant process. After capturing a

shown in fig. 1. neutron, the neutron-proton ratio of a nucleus

The peak value of the SdH oscillation is ob- rises, followed by/3- decay and y radiation which

served when the Fermi level lies in the Landau decrease gradually. Therefore. the behaviour of
the 2DEG depends strongly on the time elapsed
after thermal neutron irradiation.

15.0

-. Io 3.2.1. Time dependent effect
6.0 The time dependence of the concentration and

,j 100i mobility of 2DEG for a sample irradiated by a
14.0 1.2 x 10'4 cm -of thermal neutron is shown in

5.0 table 2. The measurements were performed under
/ 12.0 low magnetic field at 4.2 K. Fig. 2 shows that the

Hall plateau broadening and the SdH oscillation
. . enhancement under strong magnetic field at 4.2 K

. . ..are time dependent also.

Fig. t Hall resistance R_ and diagonal resistance R_ as a The time dependent effect may be explained as
function of magnetic field B before (dashed lines) and after follows. The irradiated samples are dominated by

isolid lines) fast-neutron irradiation, continuous, extremely strong 0- decay and -y
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Table 2 As a result, the concentration of the 2DEG in the
Changes in nD and IA r) at 4.2 K with time after thermal-neu- heterointerface increases, as also the mobility en-
tron irradiation of 1.2 1 014 n/cm2  hances owing to the increase in Fermi wavevector

n, 0 (1011cm 2) A2D tl0
4

cm
2/Vs )  with electron concentration. This is similar to the

Before irradiation 2.80 10.5 illumination effect of the optical flux.
30 h later 3.54 11.8 The decrease of 2DEG concentration can be
65 h later 3.41 11.4 described as an exponential decay with time:
2 months later 2.67 9.3

A n ( tt,) exp(-t/T). (2)

radiation, which are followed by a series of sec- One should notice that part of the carriers de-
ondary processes. The nucleus after 3 decay may scribed by no - n( x) is captured by defects caused
capture a shell electron to give off X-rays or by higher-energy pile neutrons. Letting An(t) =
Auger electrons. Meanwhile. the internal conver- n(t) - n(,c) and An,, = n(0) - n(,c). and using
sion process may occur accompanied by y radia- the data in table 2. we obtain An,--= 1.0 x 10"
tion, i.e., the interaction between the electromag- cm - and r--- 216 h.
netic field of the nucleus and shell electrons gives The radiation field immediately after thermal
rise to a transition whereby excited energy is neutron irradiation is extremely strong and ther-
transferred to shell electrons to release internal mal neutron irradiation does have a contribution
shell electrons. Moreover, other processes relating to the Landau localized states, leading to some
to the energy band structure of semiconductors slightly broadening of Hall plateaus according to
may occur with these radioactive rays. The first is our observation. But it is difficult to verify this.
the excitation of electrons of the DX center in the unless we make more accurate measurements. Be-
doped AlGa1  , As layer and the second is the cause of the small probability of elastic and inelas-
transition of electrons from the valence band to tic scattering between thermal neutrons and atoms
the conduction band generating electron-hole in the sample. after irradiation, the Hall plateaus
pairs. The electrons produced by these processes turn out to be broadened, but less than one created
make direct contributions to the 2DEG in the case by fast neutron irradiation. This was also con-
of irradiation doses lower than 1.2 X 10 14 cm 2 firmed by a small reduction in mobility measured

two months later, as shown in table 2.
For both fast- and thermal-neutron irradiation

4 3 we have observed that the peak values of the SdH
. ,4.. oscillations are intensified in the limit of short-

- : range scattering, but the reasons in the two cases

3 -, are quite different. In the former case, the increase
4 . of scatterer concentration is responsible. In the

latter case, however, the strong radiation field
i 2.0 produced by nuclear reaction is the cause. Under

0 such a radiation field, the interaction between the
strong /3 (or y) rays and the 2DEG has basically
the nature of short range scattering, leading to a

0 large increase of the peak value of the longitudinal
0 1.0 2.0 3.0 B .o 4.0 5.0 7.0 conductivity corresponding to the extended state

of the Nth Landau level.

Fig. 2. Hall resistance R, and the diagonal resistance R,, With the elapse of time, /3- decay and y radia-
drawn as a function of magnetic field B. Dashed line I is the tion decrease, the changes related to the radiation
original one before thermal-neutron irradiation. Solid lines 2. 3
and 4 were measured 30 h. 65 h and 2 months later, after the field also decrease gradually, as shown in table 2

irradiation, respectively. and fig. 2.
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.. - - ,duced by the radiation field through various exita-
4 ,tion processes. Usually the electrons produced may

to 0 14.0 make direct contributions to the 2DEG in the case
2 "of low radiation field. However. in the case of

4' higher radiation field, the full width of the deple-
:, 5.tion layers becomes less than that of the doped

3 -.o and undoped AIGaAs layers, and a parallel con-
* duction channel appears in the AIGaAs layer.

2 With the elapse of time, the nuclear radiation
/ , -, decreases and the excited electrons decrease too.

The parallel conduction effect tends to decrease
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 and after two weeks disappears completely. After

B(-f the radiation disappears. the characteristics of the
Fig. 3. Hall resistance R,, and diagonal resistance R,, drawn quantum transport of the 2DEG are completely
as a function of magnetic field B with time as a parameter:
line I. before thermal netron irradiation: line 2. 24 h later: line determined by the degree of damage and the de-
3. 70 h later: line 4. 2 weeks later, after thermal neutron fects in the samples. Then it becomes impossible
irradiation with a dose of 3.6 X 101" cm -. The parallel con- to find the parallel conductance without illumina-

duction appear in lines 2 and 3. and disappears in line 4. tion.

3.2.2. Parallel Conductance
To investigate the persistant photoconductivity 4. Effect of neutron irradiation on resonant tunnel-

(PPC) in modulation doped heterojunctions the ing 1101
usual experiments are always performed by il-
luminating samples with monochromatic light or The samples were divided into 5 groups, each
white light. By contrast, in the samples irradiated one consisting of two double barrier diodes. Two
by thermal neutrons, parallel conductance can of the groups were irradiated by 14 MeV neutrons
sometimes be observed without illumination from with doses of I X 1012 and 1 X 1013 cm I respec-
outside. When the samples were irradiated by tively. The other three groups were irradiated by
thermal neutrons with a total flux of 1.2 x 10 '4 the 235 U nuclear reactor for 14 min. 2.3 h and
cm 2. the 2DEG concentration increased and no 23.12 h with doses of I X 1014, I X 10  and I x
parallel conductance occurred, as shown in fig. 2 10" cm - respectively. The fast neutron reaction
and table 2. with the atoms in the samples is dominated by the

When the total flux of thermal neutrons was primary knock-on (PKO) process resulting in a
increased up to 3.6 x 1014 cm . the parallel con- large amount of atom displacement. The defects
duction effect was observed 24 h and 70 h later, could form clusters due to possible nuclear
after the irradiation, and then disappeared two cascades. Measuring the I- V curve after fast neu-
weeks later, as shown in fig. 3. The relate con- tron irradiation, we found there was no change for
centrations and mobilities are listed in table 3. As low dose irradiation such as 1 X 1012 and I × 10"
described above, a number of electrons are pro- cm -2 However, there were changes for high doses

- the higher the dose, the larger the changes. Fig.
Table 3 4 shows the current-voltage characteristics for a
Changes in n2 t) and 02D at 4.2 K with time after thermal-neu- DBD sample irradiated by fast neutron dosage of
Iron irradiation of 3.6x 1014 n/cm"  × 1016 cms 2 Samples irradiated by fastU nuclear

n: D (101
,crn 2) /o (104cm/V's) reactor neutrons were measured one month later

Before irradiation 2.65 10.5 to avoid the radiation effect. For all samples after
30 h later 3.65 13.9 irradiation with doses above I x 1014 cm -

2, the
65 h later 3.50 13.4 peak positions of current V, and valley current V,
2 months later 2.47 8.80 vshifted to a higher voltage while the peak current
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is stronger than the attractive potential. causing a
8.0 net increase in the energy level in the well. The

77K ionized impurities produced by neutron irradia-
tion in AlAs barriers raise the effective tunneling

A t

.W barrier, so that the energy level is raised further.
albeit by a small amount. These two facts lead to

S, "-, , a shift of VP and V, to higher voltages in the
, ; ,experimental I-V curve. Calculation [111 shows

= 4.44- , that impurities in the well would reduce PTVR in

/ a resonant tunneling diode. Thus, the experimen-
tally observed reduction of PTVR may be attri-
buted to elastic scattering from impurities, lattice

defects, etc.. produced by fast neutron irradiation.
Fig. 4 shows that the full width at half maximum

0.2 .4 , .4 of the current (FWHM) on the low bias side
Nol.rvs(,) broadened from 85 to 110 mV. which implies the

Fig, 4. Static current-soltage characteristic.s of resonant tun- 12.5 meV broadening of the bound energy level.
neling diode before irradiation soi.,d line) and after fast neu- This broadening of the /- I curve can be attri-

iron irradiation "ith a dose of I x 10'6 n. cm-" (dahed line). buted to impurity scattering itself and not to

fluctuations of impurities, because fast neutron
/P and PTVR decreased. The valley current I, irradiation causes a homogeneous doping in the
had a small increase for doses of I X 10 " and well. The tunneling current is determined by the
I x 10' cm ', but decreased for a dose of 1 X 10" tunneling probability and the net distribution of
cm -. The change of /P was larger than that of 1, incoming particles. The decrease of the Fermi
for all doses. There was a decrease of current for energy in the emitter reduces this distribution, and
all samples beyond the negative differential resis- the decrease of the total relaxation time reduces
tance region and an increase of resistance of the the tunneling probability. Hence. I r. PTVR and
Namples. the tunneling current beyond the negative dif-

Fast neutron irradiation produces ionized ir- ferential resistance region are reduces by fast neu-
purities also in the emitter and the collector re- tron irradiation. /\ depends on many factors: the
gions. resulting in an increase of resistance. This is increase of impurities will increase impurit\ as-
similar to connecting a series resistance in the I V sisted tunneling so that I, will increase: the de-
measuring s stem. However. an increase of the crease of electron density in the accumulation
resistance in the collector cannot cause such a region and V', and 'V' acting as traps for
change. This was demonstrated from the results of electrons will reduce I. The change of 1, is
the experiment on an unirradiated double barrier determined bv all these factors.
diode connected with a series resistance of II S2.
in which the same shift of V' as that in fig. 4
occurred. bit little change was observed in 1. and 5. Conclusion
1'.

As(,, defects in a quantum well create an at- We have studied the characteristics of quantum
tractive Coulomb potential for electrons such that transport in heterostructures irradiated by fast
the bound energy level is lowered, whereas V(-,., and thermal neutrons. The defects caused by the
and As'i,, -V(., type defects in the well have a fast neutron irradiation are the origin of all phe-
repulsive Coulomb potential for electrons, result- nomena observed both in modulation doped het-
ing in the raising of the energy level. Since fast erostructures and resonant tunneling diodes. Be-
neutron irradiation produces a nearly equal num- cause there is no Coulomb scattering between a
her of As(',., and V,2,, types, the repulsive potential neutron and a charged particle, a neutron can
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Modulation doped inverted and normal GaAs/Al,,Ga, -,As
heterostructures: influence of Si-segregation on the two-dimensional
electron gas

K. Kbhler, P. Ganser, M. Maier and K.H. Bachem
Fraunh'/r-/Ititut fiir .4fnzeandte Festkirperph'sik, Tulla.tra.' 2. 14 . 73%80) Freibur. Geriont

Modulation doped GaAs. Al ,Ga , As heterostructures have been grown b molecular beam epitaxY in the temperature range of
35(-850°C. Special emphasis is laid on the two different types of heterostructures: doped AlGa t ,A, on top of undoped GaAs
(normal heterotructure) and undoped GaAs on top of doped AI ,(Ga ,As (inverted heterostructure). The electrical properties.
determined b, [fall effect measurements at 77 and 300 K. were insestigated as a function of growth temperature. At 77 K the normal
heterostructures exhibit a maximum mobilit' of 120,000 cm V s at a substrate temperature of 750'C. In contrast, the maximum
mobtlit\ of 45.()00 cm- , 

V s for n',erted heterostructures is found at a substrate temperature of 500'C. whereas at a temperature of
7 0( ' 

t drastic reduction of mobility, of 35(X) cm' Vs is observed which is attributed to the segregation of Si atoms into the channel.
SIMS depth profiles indeed show Si segregation in the spacer laver at a growth temperature of 700°C. Based upon these results 'we
hae gronn inerted heterostructures at 750'C with suppressed Si segregation by growing the doped AlGa, As laer at 500°( "

.

I. Introduction the basis of the inverted H EMT (I-HENT). There
are some technological advantages of the I-HEMIT

Modulation doped GaAs/AI,Ga, ,As hetero- structure, such as easy formation of ohmic con-
structures exhibit two-dimensional electron gases tacts to the 2DEG channel and simplified gate
(2DEG) with enhanced electron mobilities. The recessing schemes [51. Attempts to realize I-HEMT
normal heterostructure. used for high electron mo- structures have been reported [6-91. The problems
bilit\ transistors (HEMTs). is achieved by the which have to be solved are attributed to the
growth of the doped higher band gap AlGa, , As higher degree of interface disorder and accumula-
on top of the undoped lower band gap GaAs. By tion of impurities at the inverted interface [6.7] as
adding an undoped AlGa ,As spacer layer with well as to the segregation or outdiffusion of the
a thickness greater than 20 nm, Iow temperature Si-dopant across the inverted interface into the
mobilities ( T= 4 K) larger than I x 10' cm 2/V, s 2DEG channel [8,9]. I-HEMT structures with
measured in the dark have been reported, where highest mobilities (130,000 cm-'/V • s at T = 77 K
the electron concentration is reduced to below and 460,000 cm /V -s at T= 4.2 K) were grown
3 X 10' ' cm - [1 4[. HEMT structures suitable by Shtrikman et al. [10] by using growth interrup-
for microelectronic application, which need maxi- tion and low growth temperature together with
mum conductivity at room temperature, have reduced growth rates during growth of the doped
smaller spacer layers and therefore higher electron A I,Ga1  ,As layer.
concentration and low temperature mobilities of One of the reasons for the inferior properties of
(1 3) x 10 cm'/V s [1]. the l-HEMT structures, segregation of the Si-

In comparison with the normal heterostructure. dopant. has been reported by several authors.
remarkably little is known about the inverted het- Segregation is found in doped GaAs and
erostructure where the undoped GaAs is grown on AIGa , As-films [11.121, selectively doped het-
top of the doped AlGa, ,As. This structure is erostructures (12,131. and quantum wells [141. as

1W 22-0248, 91,'03.50 1991 Elsevier Science Publishers BV. (North-Holland)
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well as in Si planar doped GaAs with doping 2Ganms

concentrations > 10' cm ' [151. In contrast.
Gonzales et a]. [16] found concentration depen- I AIGOAs S, 7.101

7
cm-

3  
U I'l

dant diffusion but no preferential migration to-
wvards or awaN from growth direction. 2DE AOcAs n

In this paper, we report on the growth and 2E

comparison of HEMI and 1-HEMI structures for Gacs 600n
electrical devices with respect to electrical proper-
ties for different growth temperatures. The in-
fluence of segregation on the quality of I-HEMT ECsA~cs S

structures will be discussed. Special emphasis is E
laid on identical growth conditions for both struc- E

tures. Finally, we will show that we can achieve ENERGY GoAs ion,

high quality l-HEMT structures mainly' by ,up -___________

pressing Si-.segregation. - CS SaSTRATE 1
Fig. 1. Cross sectional vies% of the ( ia.As Al,.,( A, A.. li:\

2. repratonandgrothstructure "ith ait. nrnit I interface. A Lcheniat ic of the eoitdUc-
2. repratonandgrothtion hand dtaitraini shomn on the left side (it the figure.

The GaAs Al ,Ga, ,As lavers w\ere growAn b\
molecular beamn epitax\ (MBE) in a V'arian Gen 11 doped spacer aind] a 60 nmn electron ,uppl,, liver
wsith substrate holders for indium free mounting. doped with 7 " 0'_n cm Si atomis. '[he structure
The (100) GaAs substrates used for epitaxy were is capped b\ anl Undoped 24) nmn GaAs layer. The
Nermiinsulating LK i-C rown 2-inch w~afers. Sub- the,,s .. 0 i.~,scsi structure fg2

strates are prepared before growth on anl espe- continues from its suiperlattice with an Al,, ,Ga,,
ciall\ designed spinner. The sequence of cleaning As laver consisting of a 204) nin first spacer fol-
and etching steps, as well as the supply of etchant lowked b\ at 40 nm electron ;upplc laver doped
and de-ionized water are automatically controlled.
Etching is carried out in a solution of NHOH.
H-.01 and H.0 (5 : I: 5). The growth temperatures
for the -samples are chosen betwseen T=350'C ' c .'1 8  

3Mm

and 850'C' measured by thermocouples 1171. The .GaAs . nm.r

growth rate for GaAs. determined by, reflection 2 DEG -__

high energy electron diffraction (RHEED) inten- MI_ s __

sit\ oscillations, is 1.25 tim/h over the wihole AGoaas St 7x,1&"cm'3 O.nr

temperature range. /......-- .'

A schematic description of the layer configura-/
tion is sho\%n (in the right side of fig. I H EM AtGaAs 222C r

,structure) -ind fig. 2 (1-HEMI structure). The_______
respective conduction hand diagram is onl the left Ep , -GAs GaAs SL

side of the figures. First an undoped 300 nm GaAs F
buffer laser is grown for both structures, follow ed ENERGY 3cAs 300 nm

b a 6aAs/Al,, Ga,, ,As superlattice to improve
the layer quality in the region of the 2I)EG [181. ' -

The layer sequence of the HEMI structure (fig. 1) - GaAs SJBS3RATE j
grown on top of the buffer continues with a 600 F ig. 2. (ross sectional vie% of the (iaA, AI1,, ,a, As 1-titUli

nni thick undoped GiaAs layer. Then an Ali, structure \%ith an inverted interfacse. A schetnatic of the con-

Ga, -As layer follows, consisting of a 5 nm un- duction hand diagram is %how it on the left side oif the figure.
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with 7 x 101- cm - Si atoms and a second spacer
of 5 nm. The first spacer prevents a 2DEG from 105 .--- - --

forming at the normal interface. The 2DEG chan- -,---,.- -

nel at the inverted interface is in the succeeding
undoped 40 nm GaAs layer. The structure is
capped by a Si-doped 30 nm GaAs layer with a
doping concentration of X lols cm -3 This cap is Vz10

4 
/7-

designed so as to be just depleted by the surface /
E C

potential. and to ensure that the GaAs conduction -. , Z

band edge at the heterojunction is below the Fermi > /
level. Za

The spacer thickness of 5 nm in the above 0

structures is chosen to obtain sufficiently high 103 1012

carrier concentration in the channel for two rea-_
ctl o)

sons: first to reduce the influence of residual im-
purities in the GaAs channel [1] and second to
achieve optimum conductivity for electrical de-
vices. A possible effect of different Si diffusion l .11

times during the growth of HEMT and I-HEMT 400 500 600 700 800

structures. as mentioned by Gonzales et al. [16] as GROWTH TEMPERATURE (
0C)

the main influence of the different performance of Fig. 3. Hall mobility and carrier concentration measured at 77
K of the HEMT (dashed lines) and I-HEMT (full lines)

HEMT and I-HEMT, is also considered. The structure versus growth temperature. The lines are intended

doped cap layer for the I-HEMT structure allows ,,nv as a guide.

a growth time of about 200 s after the incorpora-
tion of the dopant for the 2DEG which is nearly
the same for the HEMT structure. presumably due to an increase of intrinsic crystal

defects [201.
The I-HEMT structures show maximum mobil-

3. Results and discussion ity ol 4.000 cintiV - s at a decisively lower T of
5000 C. The difference in mobilities of HEMT and

The electrical properties of the 2DEG in thc I-HEMT structures is less than a factor of 1.5 at
HEMT and I-HEMT structures are determined by this temperature which indicates that in principal
Hall effect measurements using then Van der Pauw both interfaces (inverted and normal) are of the
method. Measurements were carried out in the same quality. Below T = 500'C. we also observed
dark at temperatures of 300 and 77 K. The results a drop in mobility for the I-HEMT structure due

at 77 K are summarized in fig. 3. The mobility of to the reduced crystal quality. In comparison to
the HEMT structures (dashed line) and the I- the HEMT structure. the bt.havior above T = 5000
HEMT structures (full line) is plotted versus T, is totally different. A clear drop of the mobility
The respective carrier concentration is plotted be- down to a value of 3500 cm2/V • s at T, = 750'C
low. Results at room temperature show similar is observed. This value is comparable to that of
behavior. homogeneously doped GaAs with an electron con-

The mobilities of the HEMT structures cover a centration of 1017_ 1 0 11 cmi. We attribute the
broad range around 105 cm2 /V s. The maximum drop in mobility to the segregation of the Si
mobility of 120.000 cm2/V, s is achieved at T, = dopant through the spacer towards the GaAs
750 0 C. At T, > 750°C, we obtained a slight de- channel. The actual spacer thickness is reduced
crease in mobility which we attribute to interface and the influence of Coulomb scattering increases.
roughnes, due to Ga desorption (19]. A strong This trend ends when the Si atoms reach the

decrease in mobility is observed at T, < 5000C nominally undoped GaAs channel and the mobil-
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ity is similar to that of doped GaAs. In compari- Based on the electrical data we can interpret
son with the mobility of the HEMT structure for the results to be caused by Si segregation. Further

= 750'C we can exclude the effect of diffusion proof is given by SIMS depth profiles of I-HEMT
which would act on both structures by reduction structures. Measurements of profiles representing
rf the mobility. Si and Al distribution are shown in fig. 4. The

The respective carrier concentration in fig. 3 normalized profiles for two I-HEMT structures
shows two regions. Below T = 500 ° C the carrier grown at T = 550 ° C and 700'C are plotted versus
concentration drops due to the increasing amount sputter depth. For a description of the experimen-
of trapping centers [20]. The behavior above T', = tal conditions, see Maier et al. [12 In the sample
500 ° C is dominated by the influence of Si segre- grown at T, = 5500C the rise of the S. (full line)
gation. Although expected constant from the and the Al profiles (dashed line) are very similar
growth parameters. the actual spacer increases with and the profiles are well separated, as shown in
increasing T for the HEMT structure. Here the the upper part of fig. 4. Therefore, the Si con-
spacer is grown before the Si doped layer is grown centration in the spacer layer is lower than the
and the Si segregates away from the 2DEG. Thus detection limit of I x 107 Si atoms/cm3. Thus we
we observe a decrease of the carrier concentration conclude that Si is confined to the intentionally
(dashed line). For the I-HEMT structure, where doped layer. The situation changes significantly
the dopant is incorporated before the spacer is unon increasing the growth temperature to T =
grown. the actual spacer decreases with increasing 700'C (lower part of fig. 4). Whereas the Al
T. Here we observe a slight increase in carrier profile is unchanged, a distinct modification of the
concentration (full line). Si profile is observed in comparison with the Al

profile. The Si profile first drops below the Al
pr(, "le in the spacer region. However, the slope is
smaller so that the profiles approach each other
demonstrating that Si indeed has segregated into
the spacer.

Using the fact that segregation dominates the
electrical quality of I-HEMT structures we have
grown I-HEMT structures (fig. 2) at the optimzed

550C T, for HEMT structures. T, = 750°C. The only
10 difference was the growth of the doped AIGa,

] -Assi As layer, which was grown at T, = 500°C to re-
A---- AA- duce segregation. Mobility values of up to 60,000

cm2/V • s at T= 77 K indicate suppressed segre-
: I I - gation and an improved quality of the inverted
>interface.
V)

[ / 700°C

10 I 7 4. Conclusion

We have demonstrated the influence of Si

segregation by comparison of normal and inverted
10 50 . aheterostructures grown by MBE at different T,.

DEPTH (nm Segregation was confirmed by SIMS analysis of
l-HEMT structures. In temperature ranges where

Fig. 4. SIMS profile of I-HEMT structures grown at 550 and se t su ressed a and here

700'C versus sputter depth. Negative secondary ions of AsSi, segregation is supressed, HEMT and I-HEMT
AsAI were recorded. The normalized profiles represent the Si structues are of comparable quality concerning

and Al distribution, the electrical properties.

hML
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The growth and characterisation of back-gated high mobility
two-dimensional electron gas structures
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Cavendish Laborator'. Universinv of Cambridge. Madingley Road, Cambridge CB3 OHE UK

This paper presents a description and analysis of two back-gated high mobility GaAs/AlGaAs two-dimensional electron gas
(2DEG) structures. The results show the carrier density in the 2DEG varying over a wide range with a low leakage current from the
2DEG to the n' substrate, which acts as the back-gate. With the carrier density enhanced, a second 2DEG formed in a different part
of the structure from the first one. These samples will be used for the study of low-dimensional structures by using a patterned front
gate on the surface of the epilayer to define the shape of the structure and the back-gate to vary the carrier density.

I. Introduction For all ex-situ evaporated gates the uniformity
over the sample is worse than for those deposited

The control of the electron carrier density in in-situ because of surface contamination. For all
two-dimensional electron gas (2DEG) structures is fabricated gates it is necessary to have a leakage
important for investigation of the quantum Hall current of order I nA over the range of bias
effect as well as studies of electrons confined in required to avoid electron heating at milli-kelvin
low-dimensional structures. temperatures.

One technique to control the carrier density is In this paper a discussion is presented of the
to deposit a gate onto the surface of the epilayer growth and properties of conventional high mobil-
either in-situ [1] or outside the MBE environment ity heterostructures grown on a barrier structure
(2]. Combining this with the fabrication of low on top of conducting n-type substrates.
dimensional structures involves complex sample
processing (3.4]. The provision of a back-gate on
the sample to control the electron density however 2. Epilayers
allows the use of patterned gates [5] on the epi-
layer surface to independently confine the elec- Sample growth took place in a VG V80H
trons. Back-gates have been evaporated onto the GaAs/AIGaAs MBE machine using conventional
rear of samples thinned to - 120 pm [2] but this thermal sources. Silicon and beryllium were used
approach has problems of uniformity and low as dopants and the typical background impurity
sensitivity to back-gate bias. A conducting sub- level for the system was I X 1 0 14 cm -3 n-type.
strate has been used to back-gate an "inverted" Growth occurred on 2 inch diameter silicon doped
GaAs on AIGaAs heterostructure [6] and this work n ' wafers mounted in indium free holders. the
has been extended to the manufacture of a one-di- substrate temperature being determined by an
mensional structure [7]. The "inverted" structures Ircon infra-red pyrometer.
suffer however from having a lower mobility than Two structures grown are depicted in fig. 1.
conventional AIGaAs on GaAs heterostrtcture [8]. They each consist of a conventional high mobility

heterostructure [8] separated from the conducting

* Also at GEC Hirst Research Centre, East Lane. Wembley substrate or back-gate, by a barrier structure de-
HA9 7PP. UK. signed to give a low gate leakage current whilst

0022-0248/91/S03.50, 1991 - Elsevier Science Publishers B.V. (North-Holland)
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allowing variation of the 2DEG concentration by 3. Measurements
changing the gate bias. The first barrier, in sample
C190. consisted of 0.79 pm thick AIGaAs layer The samples were processed by photolithog-
between two 0.25 pm GaAs layers. The GaAs was raphy and wet etching into Hall bars of length 400
grown at 530'C to make it insulating, the rest of pim and width 60 pm with eight contacts made by
the structure was grown at 640 0 C. The structure evaporating a Au/Ge/Pd structure followed by
also has two superlattice buffers to prevent the optical annealing. Contact to the substrate (the

diffusion of impurities and dislocations. These back-gate) was by another evaporated contact.
superlattices have been shown by measurements The samples were characterised in a 4He cryostat
on other samples not to provide a sufficient elec- at temperatures > 1.5 K and magnetic fields < 8

trical isolation barrier in themselves. T. All measurements reported here were made
The second sample C319 contained in p-n without illumination.

junction with a variable period multiple quantum The gate to 2DEG leakage current was meas-
well structure at its centre. This structure is based ured with a picoammeter as a function of the

on that used by Couch et al. [9] for a low leakage applied voltage. For sample C190, the range of

diode. The p-type doping level was 1016 cm in bias over which the leakage current was below I
another sample with this layer doped in the 10"' nA was -7 to +13 V and for C319 it was -1.8

cm range. varying the back-gate bias only made to + 2.0 V, some data presented are outside these

a tiny change to the 2DEG density. A superlattice ranges.
buffer was grown after the p-n structure for the The samples were further characterised by pas-

reasons given above. The growth temperature sing an AC current of I or 0.1 uA along the Hall
throughout this structure was 655 C .  bar and by using phase sensitive detection tech-

Main structure Barrier structures

GaAs 100A C319

AGaAs:Si 1

2x 106i3 400A C190 GaAs 25A I x 21
AIGaAs 200A AlAs 25A

GaAs25A 1 GaAs:Be-x 21

GaAs Ilim AlGaAs 58A lxl01 ni3 io00A

2 GaAs 1OA
GaAs 2500A AlAs 6A

Barrier structure AIGaAs 7900A OR GaAs 88A
t GaAs 25ooA AlAs 12A

Ga~s 250GaAs 82A

GaAs 25A 1 as2A

Substrate GaAs x 21 AlAs 18A

n+ 500pm AIGaAs 58A. GaAs 76A

L GaAs 833A AlAs 24A
GaAs 70A

Note: The Al Ga As mole fraction, AlAs 30A
x -x GaAs:Si-

xwas 0.37 for C190 and 0.33 for C319. lxl016 -31000A

Fig. I. The structure of the two MBE samples C190 and C319. The position of the two 2DEGs is shown.
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niques to measure the four terminal resistivity and 900 h_ I , ][ hallthe Hall voltage at 0.4 T. These measurements -" 850
were carried out at 5 K and a a function of gate '
voltage. The results were the same for different . 800
sets of contacts. From these data the values of . 750
electron mobility and density were obtained. !S 700

Measurements were made at fixed gate voltage
of the resistivity and Hall voltage as a function of 650 -

magnetic field, giving rise to Shubnikov-De Haas 7! .-n,
(SdH) oscillations and observation of the quantum -, . n2

Hall effect. By plotting the SdH oscillations as a E 6 n, + n2

function of B- and Fourier analysing the result, 5-
the 2DEG density was obtained. Under certain
conditions two oscillation frequencies were ob-
tained, which are discussed later. 3 3 S -.

4. Results and discussion

0'
Figs. 2 and 3 show the carrier density and -2 -1 0 1 2 3

electron mobility plotted as a function of gate v9 Volts

voltage V for C190 and C319, respectively. For Fig. 3. Carrier density. nti,.a, with nj and n, from SdH data
C190 the Hall carrier density. t/HaI' varied over a plotted with mobility. lta,. as a function of back gate bias.Ci, for sample C319.

1200 -. . that .. 
"  

., wide range, between 9 x 101' and 5.2 X 101 cm -

I000 whilst the mobility increased steadily over this
m0xoo. range from 1.3 x 105 to over 1.2 x 10' cm V

- 60 0  .s I before falling away slightly. The results for
._' F 400- " C319 follow a similar pattern at larger carrier
200 . " densities.

0 For both structures the value of /HaIl increased
nhalt linearly with V at low carrier concentration. At

.5! certain positive values of V, 2.7 V for C190 and
n, 0.5 V for C319, the gradient changed. This change

4 ."corresponded to the peak in the mobility char-
acteristic. In addition a second frequency was

3 .observed in the SdH oscillations as the carrier
- density increased into this second region. This

suggests that in this regime a second 2DEG be-
came populated. In fig. 3 carrier density values

I' l from the SdH data are plotted together with the
Hall carrier density and mobility data for sample

.4 0 4 8 -12 C319. The SdH results for V < 0.5 V were in good

Vg Volts agreement with the Hall results. For V > 0.5 V
Fig. 2. Carrier density, nH.1, and mobility, , from Hall two SdH oscillation frequencies were observed
data as a function of back gate bias, V., for sample C190. The showing that the SdH carrier density, n, from the

linear regions of different gradients are shown, first 2DEG remained constant while the carrier
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density in the second 2DEG, n,, increased stead- _1
ily. As expected, the sum of the two SdH densities 2000 1Landau Levels
equalled the Hall density. Eventually the second
SdH density became greater than the first. C190 1500
showed similar properties. In both structures in - "
the first region of gate bias, the SdH oscillations
reached zero resistivity at certain magnetic fields. 1000 j 10
This confirms the absence of parallel conduction 34 -, " -- i T
in the doped AIGaAs near the surface of the .--
heterostructures. 500

At first it was believed that the two oscillation B-0 O3 Tj
periods corresponded to two electrical subbands 0
in one location, it is now believed that there are 03 -2 -1 i ' 4
two 2DEGs at separate locations in the structure, Vg Volts
the first at the usual heterointerface and the sec- Fig. 4. Hall resistance as a function of back gate bias, V1,. for
ond at the top of the barrier structure, as shown in C319. the expected quanium Hall plateaux are marked.
fig. 1. It is thought that the first 2DEG stops
filling as the second one begins since the second
2DEG screens the first from the attractive charge As further evidence of this double 2DEG struc-
on the gate. This explanation is also consistent ture, fig. 4 shows the Hall resistance. R,, 1 =
with the change in gradient of nHall with V since VHalI/I at 1.5 K as a function of gate voltage for
this is a measure of the capacitance per unit area several different magnetic fields, I is the current
between the gate and the 2DEG and is given by passing along the Hall bar. The data shown are
c= C/A = t r/d= e dn .1/dV .  from C319. In the range V <0.5 V a series of

quantum Hall plateaux were observed given by

Here. d is the distance between capacitor plates RHII = h/ie2 for even integer i. For V > 0.5 V
and t, = 12.5 for GaAs at low temperatures. For further plateaux were observed which were attri-
two 2DEGb at different distances from the gate buted to the increasing occupation of the second
the capacitance was different, which gave dissimi- 2DEG. These plateaux are not quantised because
lar gradients in the two regions of the graph. The the measurement is a parallel combination of the
distance from the first 2DEG to the gate was Hall resistance from the first 2DEG with that
calculated, this gave results larger than expected from the second. The Hall resistance of the first
by 23% for C190 and 18% for C319. The ratio of 2DEG is constant in this region and therefore may
the two gradients for each sample was used to find be subtracted from the measurements. In that case
the position of the second 2DEG. 580 A above the these plateaux became quantised. their indices
superlattice buffer for C190 and 14 A above it for being marked on the graph. This structure there-
C319. These values are within experimental error fore provides a way of observing the properties of
of the position shown in fig. 1. low order Landau levels at low magnetic fields.

The electron mobilities of the two 2DEGs in The results shown in fig. 4 also confirmed the high
sample C319 were calculated by two methods, that quality and uniformity of the gate in this structure
of Kane et al. [101 and by a fit to the low field as well as confirming the high mobility of the
magnetoresistance from the SdH data. These gave second 2DEG. These results also imply that the
the same result, the second 2DEG has a mobility contacts must have penetrated to the second 2DEG
of 4.25 x 105 cm2 V - s- 1 at low carrier densities when the gate was used to enhance the carrier
rising to 4.5 X 105 cm 2 V - 2 s- 2 at a density of density.
2.5 x 10" cm -2. This is a large but not an unpre- At present experiments are being carried out to
cedented value for a 2DEG located on an "in- determine the optimum design of low leakage
verted" heterojunction [6]. barrier as well as applying this technique to the
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The growth of shallow high mobility two-dimensional electron
gas structures

J.E.F. Frost. D.A. Ritchie and G.A.C. Jones
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(GaA' AlAs heterostructures are described in which the twko-dimensional electron gases (2DEGs) are in close proximity to the
crstalline surface. Measurements are presented from samples in which the 2DEGs \&ere 15 and 25 nm below the GaAs,/vacuum
interface. The sheet carrier concentrations were 6.7 x 10" and 3.4 × 10(I cm - and Hall mohilities were 5 X 10' and 1.2 x 10' LM-

V ' , 1. respectirel'. at 4 K. The two samples were examined hv transmission electron microscop. Hall measurements are given
both as a function of temperature and as a function of surface SchottkN gate .oltage at 4 K. A simple capacitor model was used to
relate the sheet carrier concentration versus gate voltage dependence to the depth of the 2DEG below the gate. Variable temperature
Hall measurements suggest that ionized impurtix scattering is less .significant than phonon scattering at 4 K.

I. Introduction concentration of 2.2 x 1011 cm 2 has been
achieved previously elsewhere with d 33 nm [1].

Electron beam lithography combined with Layers of a comparable mobility and sheet carrier
molecular beam epitaxN (MBE) has advanced the concentration but with the value of d reduced to
development of device fabrication technolog in 15 nm have been grown. We describe two lavers
which electrons exhibit a physical behaviour char- from this series and compare their properties with
acteristic ot reduced dimensionalit, at low tem- more conventional structures with d-- 70 nm and
peratures, Electrons may be confined close to a d = 260 nm grown in the same system.
modulation doped AIGaAs/GaAs heterojunction
grown b\ MBE to form a two-dimensional elec-
tron gas (2DFG). Further confinement may be 2. Sample growth and characterisation
achieved b,, fabricating split Sehottky gates on the
sample surface by electron beam lithography A series of structures was grown in a solid
(EBL) so that the electrons are confined to exist in source VG Semicon V8OH MBE machine at sub-
either ID or even OD by the imposed electric field. strate temperatures between 600 and 640'C as
The current line-width resolution limit set by EBL measured with an ircon infra-red pyrometer dur-
metallisation lift-off is ca. 50 nm and to realize its ing the GaAs buffer growth (fig. 1). Two inch
full potential. the 2DEG should be formed at a diameter GaAs substrates were mounted in an
distance. d. less than this limit below the surface indium-free holder of proprietary design. The
of the epitaxial layer. Novel physical effects may growth rate in each case was 2 tpm/h and doping
be observed. for example electron interference at was changed by variation of the planar doping
sharp Schottky gate corners, duration with the silicon cell temperature con-

High mobilities are required in low-dimen- stant. Each layer contained a GaAs buffer fol-
sional structures in order to increase the inelastic lowed by two AlAs barriers separated by a 2.2 nm
scattering time and preferably at a low sheet car- GaAs or 2.8 nm AlI 3Ga, 7 As quantun well planar
rier concentration, where the Fermi wavelength is doped with silicon. The intended AlAs barrier
larger. A mobility of 10' cm 2 V ' s ' at a carrier thickness were 10 and 5 nm for A381 and A384.

0022-0248/91/$03.50 1991 Elsevier Science Publishers B.V. (North-Holland)
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GaAs 2.2 nm 3. Results and discussion

AlAs 10 nm Two of the samples, A381 and A384. were
AlGa 0.As .4nm examined using TEM. The total distances to theA0.3 0a7 s .n Si

Al0.G% 7As 1.4nm Doping 2DEG heterointerfaces below the surface were less
than 31 and 20 nm, respectively.

AlAs 10 nm Fig. 2 shows the dependence of sheet carrier

-0- 2 DEG concentration and mobility for A381 with d = 25
nm and A384 with d= 15 nm. The mobilities of

GaAs buffer these samples with dopant to 2DEG separations
of 11 and 6 nm respectively compare favourably
with published data from samples with similar

Fig. I. Schematic diagram of the shallow 2DEG structures. spacer thicknesses, and at lower sheet carrier con-
centrations [2]. At the lowest temperatures the
mobility is still increasing, and this suggests for
these two samples that the temperature depen-
dence of the mobility is dominated by phonon

respectively, and all layers were capped with 2.2
nm of GaAs. The sheet doping concentrations in
A381 and A384 were estimated to be 1.0 X 10 13

and 1.5 x 101 cm - respectively. A 2DEG forms 0

between the GaAs buffer and the first AlAs bar- °

rier and the sheet doping concentrations were 'o

chosen to eliminate parallel conduction.
The epitaxial layers were processed into eight o

contact Hall bars using conventional photolith-
ography. AuGeNi ohmic contacts were annealed i-

at 360 0 C for 15 s which is lower than the 430*C 7 •  7-.
used for our standard 2DEG heterostructure with . 0 A.XI Ih, i

d =70 nm. Some Hall bars had Schottky gates , As0 3,84 pa dark

with either gold or palladium followed by gold . ,.384 phA A184 n dark

metallisation. The more conventional layer A304 _ A gh

had a GaAs buffer, a 40 nm AI03Ga 0 7 As un-
doped spacer, a 200 nm doped Al,,Gao 7As layer If4.
and finally a 20 nm GaAs cap and A281 had a
GaAs buffer, a 20 nm AI ,,Ga,, 7As undoped " * -
spacer. a 40 nm doped Al,,Ga, 7As layer and
finally a 13 nm GaAs cap.

The processed devices were characterised in a
continuous flow 4He cryostat from room tempera-
ture to 4 K and in a 1.5 K cryostat in the dark and
after illumination by a red LED. Measurement
currents of 0.1 and 1 uA were used and gated -4 01o 20 30 40 60 go 110 ISO 210 20

samples were biased with a Keithley 236 which Temperature (K)

allowed simultaneous monitoring of the gate volt- Fig. 2. Temperature dependence of the sheet carrier concentra-

age and leakage current. Fixed and swept mag- tion and mobility in the dark and after illumination for A381
netic field measurements up to 6 T were made. and A384.
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_0__ turn well had barriers of different Al content and
hence barrier height in order to preclude a bound

/ electron energy level and therefore remove parallel
conduction. In this work we have both barriers of

. • ,AlAs because it was found that parallel conduc-

SA384d=5nm tion occured in the Alt, 3Ga0.7 As upper barrier if
A304 d=260nm the thickness of the AlAs barrier nearer the 2DEG" "I • •A381 d=25nmA8 d=7nm was increased from 20 to 40 nm. By using this* : ~~A281 d=260nm Alsbcueiwafonthtprllcnd-

combination of Al0 .2Ga 0.7As well and AlAs bar-
rier the lowest electron energy levels in the well
are above the X-band in the barrier [5]. The silicon
donor binding energy in AlAs is about 57 meV
and any conduction in these layers will freeze out
at low temperature [6]. We believe that parallel
conduction is absent in these samples, confirmed

Gate Vo2tg 0V by the appearance of zeroes in the Shubnikov-De
eHaas data, because the electronic energy levels in

Fig. 3. Sheet carrier density as a function of surface SchottkN
gate bias for A381, A384. A304 and A291. the doped quantum well lie above the Fermi level

for the 2DEG. Carriers reach the 2DEG from the
quantum well by thermionic excitation at room

scattering. If this were not the ca-., and ionized- temperature and additionally by photoexcitation
impurity scattering dominat_, .,.n a decrease in at low temperatures. Parallel conduction is
mobility below about 50 V ,,, i d be expected [3]. eliminated at higher sheet carrier concentrations
A gated sample of ASxt did indeed have this by using an Ai5 Ga,, As instead of a GaAs well.
decrease in mobility ,ith temperature when nega- as the electron energy levels in the well are raised.
tivelv biased, an( nence at a lower sheet carrier This is demonstrated by comparing A381, which
density. This in turn suggests that for these carrier had an Al,, 3Ga,, 7As well. with A382. which was
concentratieois. the distance d may be reduced identical except that it had a GaAs well. The
further without degrading the mobility, sample had mobility and sheet carrier concentra-

Fig. 3 shows the variation of sheet carrier con- tions of 1.35 x 10 cm2 V ' s ' at 3.4 X 10''
centration with applied gate voltage for two shal- cm- 2 in the dark and 1.52 x 106 cm2 V- - at
low 2DEG structures and two more conventional 3.6 X 10t t cm - after illumination but then showed
structures. The four samples shown. A384, A381, signs of parallel conduction.
A281 and A304. have expected d values of 15. 25. Planar doping was used for two reasons: Firstly.
70 and 260 nm. respectively, but the simple capa- planar doping is by definition the method of in-
citor model used gives d values of 40. 56, 91 and troducing dopant atoms in the minimum epilayer
533 nm. The absolute values may be given incor- thickness and secondly, the number of free car-
rectly due to the presence of trapped charges riers generated per dopant atom is maximised.
between the 2DEG and the gate or because the allowing the lowest doping levels to be used. Al-
thickness has been increased by oxidation prior to though the layers are described as planar doped,
metallisation, but the trend in the two depths is work by Harris et al. [7] and Shayegan and co-
apparent, workers [8] has shown that at the substrate tem-

Parallel conduction is deleterious to perfor- peratures used here of between 870 and 910 K, the
mance in low dimensional structures and may Si may be spread over a depth comparable with
degrade the quality of low temperature results by, the thickness of the AlAs barriers and this may
for example, eliminating zeroes in Shubnikov-De make the sheet carrier concentration and mobility
Haas plots. The double barrier structure described a function of the time elapsed between the deposi-
by Horikoshi et al. [41 containing a doped quan- tion of the Si and the cessation of growth. This
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Anisotropy in electronic transport of modulation doped structures
having strained InGaAs wells

C. Webb, J.N. Eckstein and Y.M. Desai
VIartan Research Center, Palo Alto, California 94303. USA

We have investigated electron mobilities of modulation doped structures grown by molecular beam epitaxy having strained
InGaAs wells, and have found that there exists a strong anisotropy in (011) directions. The anisotropy may be conveniently
characterized by the ratio of the mobilities in the two orthogonal directions this ratio varies with well thickness, becoming
significantly greater but less predictable as the well thickness exceeds the critical thickness for dislocation formation. Although most
of our data are applicable to growths on the (100) crystal face, we also demonstrated that there is no dependence on slight wafer
misorientation. We interpret our results as implying that some small number of dislocations is generated at the onset of InGaAs
growth with larger numbers as the critical thickness is passed. Our results have obvious implications for device optimization.

lnGaAs is an important Ill-V semiconductor, structures as the lnGaAs layer thickness is sys-
having a narrower band-gap and higher electron tematically varied through a range of values above
mobility and saturated velocity than GaAs. These and below the critical thickness. Layers were de-
properties are desirable for modulation-doped field posited by molecular beam epitaxy (MBE) in a
effect transistors (MODFETs) where the lower Varian GEN II system on (100) oriented GaAs.
band-gap leads to a larger conduction band dis- Both double and single heterojunction (DH and
continuity resulting in more charge transfer to the SH. respectively) structures were grown at a variety
conducting channel, while the higher saturated of growth temperatures. Although outside the use-
velocity and mobility permit higher speed devices. ful range of our pyrometer (Minolta 52C), such
Unfortunately the requirements of lattice match- data obtained at higher temperatures were used to
ing present difficulties in the incorporation of calibrate the thermocouple; the best linear fit was
InGaAs into device structures. Unlike AIGaAs, extrapolated to lower temperatures so that ther-
which is essentially lattice matched to GaAs over mocouple readings could be converted to pyrome-
the entire compositional range. there exists an ter-based values which are quoted here. Hall bar
approximately 7% lattice constant difference be- samples were prepared in which conduction oc-
tween [nAs and GaAs. One way in which lnGaAs curred along definite crystallographic directions.
can be exploited for GaAs based MODFETs is To be specific, we note that for the wafers used in
the "pseudomorphic" MODFET [1 -31. where only this work the primary flat is located on the (011)
a very thin (typically - 150 A of In 0 .sGa085 As) plane below the (Il)As face (SEMI flats). The
layer is utilized. Provided the layer thickness is wafer referred to its crystallographic orientation is
sufficiently small. i.e. below the Matthews- shown in fig. 1. We shall refer to electron trans-
Blakeslee limit [41 or critical thickness, it is en- port perpendicular to the primary flat as the "V"
ergetically favorable for the entire InGaAs layer direction since it is parallel to the V-groove etch
to deform as a strained layer rather than form direction produced, e.g. by ammonia/peroxide
dislocations. etches. and transport parallel to the primary flat

In this study we have investigated electron the "P" direction. We also grew on deliberately
transport properties of pseudomorphic MODFET misoriented substrates: (a) tilted 20 > (Ill)A, i.e.

0022-0248/91/03.50 5, 1991 - Elsevier Science Publishers BV. (North-Holland)
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Fig. The ratio of electron mobilitY in the V) directions is
plotted as a function oif In~iaAs well thickness for single
heterojunction lavers grown under the same growth conditions

at 523 0 C.

-ia. I I-he s afer is referred to its, crstallographic orientation

and he nd -" drectonsare efied.runs, in all. Table I shows a representative sam-
pling of data for fixed growth conditions with the

tovards the secondary flat. (b) 20o > (I I I)B. and well thickness as a parameter: these data refer to
runs made on a single day. The electron mobilities

Ic)2~ ( If). n rysallgrphi tems th fist exhibit marked anisotropy particularly at 77 K
two cases are titled in orthogonal directions while eletron mhttollnws
the case (c) tilt direction is midway between. In andmtediascafusntion thnatufos T cnsidrs o tst
practical terms case (b) was generated by polish- mesuent sen m p ture the sanio rot i mositi
ing the reverse face of the same wafers as in (a) cyti

resulting.in thi cas" only, deinsaefindd fl ties in the V and P directions. Fig. 2 shows this
weit ths cas dietonlperpendiculaar oatsee ratio, as a function of well thickness. for all thosewnah t. d o e a samples which were grown on (100) orientedHallrmasurme wa wafers at a nominal substrate temperature ofP alrctiosuae0end 77 ortapproimte 7a 5230C and having the SH structure. These data.

which include those of table 1, are chosen as the
largest group with fixed growth conditions. and

Table I are representative of the trends seen in all the
.Measured values of electron mobility for a small representative data. The ratio. which ha the V direction mobility
sampling of runs: these runs were made on a single da ) with in the numerator, is mostly greater than unity
fixed growth conditions and the %ell thickness as a parameter: indicating the V direction to be the preferred one
carrier sheet densities showed little variation eing general for electron an t For well thicknesses above
- 1.4 x 10" rnsot
darflat.the critical thickness, which for the 15% nGaAs

Run Well y at 300 K at 77 K Aw Ratio used here is approximately 200 A, the ratio do-
S m t t viates from unity more than for the thinner wells

v P V P V5/P and further there are several cases where the P

TH369 120 7360 7070 35200 29800 1.18 direction is preferred, giving fig. 2 its double-
TH366 150 7270 7060 34700 30200 1.15 branched appearance. However, the P direction is
TH368 200 7100 5930 24800 14300 1.74 only preferred at values of well width greater than
THie367 250 6600 6750 16800 23900 0.70 or equal to the critical thickness. The sheet carrier
TH370 300 6500 5130 24300 14900 1.63 densities are generally very close for a given sam-
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0 equally in both orthogonal (011) directions and
that this would be required to completely relieve
the strain In accordance with the Matthews-

0 Blakeslee model, initial deposition of InGaAs on
I 8GaAs should occur with perfect registry over the

0o 82D plane of the substrate surface. In the absence
o of dislocations the deposited layer would take the
0
o substrate lattice constant in the plane parallel to

the surface but there is no restriction perpendicu-
lar to the plane and in that direction the lattice
constant should expand relative to the lnGaAs

' .... Zi ;f ,. bulk in order to reduce the strain energy. When a
Fig. 3. The ratio of electron mobility of the V/P directions is dislocation - which is by definition a line defect -
plotted as a function of substrate temperature. In this case all forms to reduce the strain energy further, it may
growths which hate single heterojunctions on (100) orienta-

tions are included, do so most effectively if it is parallel to the surface.
The effect of a single edge dislocation is to relax
the strain in a second direction and at least locally

pie as would be expected and fig. 2 is not substan- near the dislocation there may again he some
tiallv modified if sheet resistance ratios are used expansion of the lattice constant in this case per-
instead of mobility ratios. pendicular to the line defect or parallel to the

The existence of several cases where the mobil- Burgers vector, further reducing the strain energy.
itN is enhanced in the P direction was initially The point is to demonstrate that despite symmetry
surprising. We considered the possibility that small considerations, dislocations along a single direc-
differences in substrate orientation could in- tion may effectively reduce the strain energy of
fluence the mobility outcome, and in order to test the whole layer. We should expect this argument
this hypothesis we grew on differently oriented to be less applicable for layers many times the
substrates as described above. Without exception, critical thickness, but that is not the case here. In
all of the mobility ratios were found to be greater fact during the growth. the symmetry is in general
than unity indicating no orientation dependence. broken by surface reconstruction as observed by
In fig. 3 we show all SH data for (100) orienta- RHEED, so that a mechanism by which disloca-
tions. plotting the mobility ratio against the sub- tions may form preferentially in a particular direc-
strate temperature during growth. Although there tion is quite possible.
are more layers grown at 523' C than at the other At the growth temperatures involved here the
temperatures employed, there is a suggestion that surface reconstruction in the absence of a group
growth temperature may be involved in the rever- III flux is the As-rich c(4 x 4). but changes to a
sal of the preferred direction, somewhat "fuzzy'" (2 x 4) (i.e. still As stable) with

The anisotropy can only be understood in terms a group III flux. We interpret our results as imply-
of crystal defects, and in view of the relationship ing that this reconstruction determines the the
which we observe with the critical thickness, we most frequently observed directional preference
believe that the defects in question are disloca- for the electron mobility. We suggest that below
tions. If there are more dislocations running paral- the critical thickness some small number of dislo-
lel to one of the two (011) directions then it cations is generated all parallel to one another.
would be expected that electron transport would and since the (2 X 4) reconstruction is lost im-
he better when parallel to the majority of disloca- mediately with the initiation of an In flux, we
tions. In discussing these results, we need to con- further suggest that they are essentially all gener-
sider the basic processes involved in lattice mis- ated near the onset of inGaAs growth. This is
matched growth. In view, however, of symmetry consistent with the fact that the ratio of electron
we might expect both that dislocations would form mobilities for the two orthogonal directions is not
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particularly dependent on the well thickness when layers grown on GaAs(100). In general the ani-
below the critical value. It is also consistent with sotropy is such as to give higher mobilities in the
calculations of Ghaisas and Madhukar [5] based "V" direction, but for well thicknesses which ex-
upon a kinetic approach called the "configuration- ceed the critical thickness, the anisotropy becomes
dependent reactive incorporation" model. They larger and the preferred direction is less predict-
suggest that strain will result in the formation of able. We have shown that the effect is not related
dislocations at the earliest stages of growth - the to crystal misorientation.
first monolayer in the case of 2D growth - in
numbers controlled by the growth kinetics. Our
results further suggest that, near the critical thick- References
ness, dislocations are generated spontaneously in
greater numbers, and it is apparent from these [1] J.J. Rosenberg. M. Benlarmi, P.D. Kirchner. J.M. Woodall
results that they tend to be aligned to one another and G.D. Pettit, IEEE Electron Device Letters EDL-6
but not necessarily to those formed below the (1985)491.

[2 T. Henderson, M.I. Aksun, C.K. Peng. H. Morko . P.C.critical thickness. We do not at present under- Chao. P.M. Smith. K.-H.G. Duh and L.F. Lester. IEEE
stand what determines the direction chosen by the Electron Device Letters EDL-7 (1986) 649.
dislocations above the critical thickness, though as [31 G.M. Metze, A. Cornfeld, E. Carlson, G. Dahrooge. E.
indicated by fig. 3 the growth temperature may Chang, J. Singer. J. Bass. H.-L. Hung and T. Lee. IEEEplay a role. Electron Device Letters EDL-10 (1989) 165.ply sua r(41 J.W. Matthews and A.E. Blakeslee. J. Crystal Growth 27

In summary, we have observed anisotropy in (1974) 118.
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High-quality InxGaI As/InAlAs modulation-doped heterostructures
grown lattice-mismatched on GaAs substrates

K. lnoue, J.C. Harmand and T. Matsuno
Semiconductor Research Center, Matsushita Electric Industrial Co. Ltd. 3-15, Yagumo-Nakamachi. Moriguchi. Osaka 570, Japan

We report on the lattice-mismatched growth and properties of lnGaAs/InAAs modulation-doped heterostructures on GaAs
substrates for a full In composition range. by molecular beam epitaxy using a linearly graded InGaAs or lnGaAlAs buffer layer
grown at a relatively low temperature. High electron mobilities of 25.000 to 118,000 cm 2/V-s were obtained at 77 K for In
composition from 0.3 to 0.8. The observed monotonical increase of mobility in this In composition range agreed well with the
theoretical calculation. It has been shown that the use of wider bandgap material, such as InGaAIAs, in the graded buffer layer is
ver, effective in reducing the residual carrier concentration from I X 10 t2 to less than I x 10"cm -2.

1. Introduction device fabrication, and report some preliminary
results on the MODFETs fabricated on these

The lattice-mismatched growth of InGaAs/ lattice-mismatched structures.

InAlAs heterostructures on GaAs substrates has
attracted much attention, not only because it will
improve the performance of GaAs-based devices. 2. Layer structure

but also because it will expand the freedom in the
choice of In composition. Although the feasibility A schematic cross section of the modulation-
of lnGaAs/InAlAs HBTs and MODFETs on doped InGaAs/InAlAs heterostructure on GaAs
GaAs substrates has been demonstrated [1,2], the is shown in fig. 1. The growth was performed by
problem of the lattice mismatch between epilayers solid source MBE on (001) semi-insulating GaAs

and the substrate was still left unsolved. We have
previously shown that the use of a compositionally Si doped lnAl,,As 300 A
graded lnGaAs buffer layer grown at a relatively iA
low temperature of about 4000C greatly improves Lattice-Matched Undoped ln,Alj.1 ,As 30A

the electron mobility in such a lattice mismatched T'sul,:48O - 500(" Undoped ln.Gal As 1oo A

system [3,4]. Undoped ln,.Al,.,-As 2000 A

In this paper, we first describe the successful- radedlnyGa.,As (y: 0 x,

growth of InGaAs/lnAlAs modulation-doped ,,uAs 40C or
heterostructures for a full In composition range by TsGre) d 400 c d n(GA. As

using this growth technology. Then. the experi- y: 0 O-x, Z: 1-0
mental dependence of electron mobility in these "su,: .580 "t Undoped GaAs 2000 A

heterostructures on In composition has been
analyzed and compared with that obtained by the ';e,-nwlnsulating GaAs

theoretical calculation. Finally. we describe the _"_ubtrate

effect of the buffer layer structure on the residual Fig. 1. Schematic cross section of lnGaAs/InAAs modula-
carrier distribution, which is important for the tion-doped heterostructure grown on a GaAs substrate.

0022-0248/91/$03.50 I 1991 - Elsevier Science Publishers B.V. (North-Holland)
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substrates. The growth of the structure was ini- 6N10'-
tiated with a 2000 A thick GaAs layer at about *
580'C. Then, an InGa,_,As or In,(Gaz 0
Alt z), .As with a linearly graded In compost- za
tion (y) from 0.02 to the desired value (x or x') ,
was grown at a temperature of 350-400'C. The 0 on GaAs a o - 00 onlInP

In composition gradient was fixed to about 0 o -o" * 77K- .5

50%1/m. The growth was then interrupted for . - - .
several minutes and the substrate temperature was --o
raised to 480-500'C. After that, a 2000 A thick - - -

ln,,Al, .,As laver was grown to separate the _ -- -

active layers from the former buffer layer. These 3 00K

active layers consist of a 1000 A thick undoped PMI tM
InGa1 ,As channel layer, a 30 A thick undoped
In, Al i ,,As spacer layer and a 300 A thick L
ln,,Al, ,As donor layer doped with Si to 2X 00 01 0 2 0.3 04 0.5 06 07 08 09 10

10" cm '. The layers on top of the graded buffer INDIUM COMPOSITION

layer were lattice-matched to each other except for Fig. 2. Electron mobilit, and concentration (Al) as a function

the case of high In composition of more than 80%. of In composition. PMI and PM2 indicate the samples w ith

where the conduction-band discontinuity between pseudomorphic InAlAs spacer and donor lavers.

InGaAs and InAlAs becomes quite small. In such
a case. a pseudomorphic InAlAs spacer and donor confined in this laver and the propagation of
layers were used (ln-.Al,,,As for x =0.8 and threading dislocations to the active layer is well
lnA(,,.As for x = 1.0). suppressed in these heterostructures. as revealed

by TEM observation reported previously [4].
In order to confirm the validity of these depen-

3. Electron mobilit, derices of electron mobility on the In composition.
a theoretical calculation has been performed as-

Fig. 2 shows electron mobilities measured t suming a single-subband transport and using the
300 and 77 K and sheet electron concentration Stern-Howard variational wave function [5]. For
I V,) at 77 K as a function of In composition in the total mobility and that limited by polar optical
the InGaAs channel layer. In the figure, the data phonon scattering (PO). we have used the iteration
obtained from similar heterostructures grown method developed by Nag [6]. The calculated re-
lattice-mismatched on InP substrates are also suits at 77 K with N, = 1 x 1012 cm is shown in
plotted, for which a graded In, Ali , As buffer fig. 3. From this figure, the In composition depen-
laver was used. As a general tendency. the electron dence of electron mobility is mostly determined
mobility at 300 K is seen to monotonically in- by alloy-scattering-limited mobility (AL) and at
crease with the increase of In composition, from about x = 0.3. the mobility takes the minimum
7(X) cm-/V, s at x = 0.2. 10.500 cm 2/V s at value. The solid circles in the figure indicate the
x = 0.53 to 20,000 cm 2/V s at x = 1.0. On the highest mobility obtained in the experiment for
other hand, at 77 K, the mobility showed its each In composition. The agreement between the
minimum value at x about 0.3 and increased experimental results and the calculated ones is
almost monotonically with the increase of In com- excellent in spite of the difference in N, value
position: from 25,000 cm 2/V• s at x = 0.3. 51.000 between experiment and calculation. Anyway, this
cm 2/V, s at x = 0.53 to 118,000 cm 2/V -s at x = result also supports the good crystallinity of the
0.8. These high mobility values indicate that the active layer in our heterostructures.
dislocations created to relieve the strain accu- It should be noted that if we look at fig. 2
mulated in the graded buffer layer are efficiently carefully, the mobility value for x > 0.5 tends to
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1 - - " ,.- layers, the device isolation by mesa-etching and
P' - -" - Schottky diode characteristics were found to he

DIP. -/ very poor. In order to clarify the cause for such
10- -- high leakage currents, we have grown some un-

P0 ..- -doped In 0 .53Ga0.47As/ InAlAs heterostructures

> i". -- either on a graded InGaAs buffer layer (sample B)
-0 AL " or on a graded InGaAlAs buffer layer (sample D)

[ 'TOTAL and measured the residual carrier concentration in
these structures. The results are summarized in

Se table 1. together with those for modulation-doped
S10 Wsp=30A heterostructures (samples A and C). The residual

Nd 2xlO'8 cm
3

Ns=2x10tS2 rn carrier concentration in the undoped structure on
a graded InGaAs buffer layer was found to be

77K - surprisingly high, about 1 y 1012 cm 2 while that
0.0 0.2 04 0.6 08 1.0 on a graded lnGaAlAs was one order of magni-

INDIUM COMPOSITION tude lower, about I x 1011 cm , or less. The high

Fig. 3. Calculated 77 K mobility as a function of In composi- residual carrier concentration in sample B is prob-
tion in the channel layer. Each symbol represents electron ably due to the narrower bandgap and/or higher
mobility limited by polar-optical phonon scattering (PO). allo_ background carrier concentration of the undoped
scattering (AL). ionized impurity scattering (11) acoustic-pho- InGaAs graded buffer laver than those of the
non deformation potential scattering (DP) and acoustic-pho- lnGaAlAs graded buffer layer.

non piezoelectric scattering (PZ). The locations of the residual electron con-

centration were then studied using a capacitance-
saturate and the structures on lnP or those with voltage carrier profiling method. Two samples were
pseudomorphic InAlAs spacer and donor layers prepared for this experiment using n-type GaAs
show higher values than the standard samples on substrates: one is an undoped ln,,,Ga,,As/
GaAs substrates. The cause for such differences is InAlAs heterostructure on a graded lnGaAs buffer
not clear at present. but the contribution of paral- layer via a 1000 A thick InAlAs (fig. 4a) and the
lel conduction in the donor layer or in the thick other is a modulation-doped heterostructure on a
buffer layer is considered to be one of the factors, graded lnGaAlAs buffer layer (fig. 4b). As seen in

fig. 4a. for the undoped heterostructure on a
graded lnGaAs buffer layer, a sharp peak of elec-

4. Residual carrier and its distribution tron concentration is located at the heterointerface
between the 1000 A thick InAlAs and the graded

When the MODFETs were fabricated on the InGaAs buffer laver, just like a two-dimensional
epilayers grown on graded In,Ga, .As buffer electron gas accumulated in modulation-doped

Table I
Electron mobility ip1) and concentration ( Ns) for modulation-doped (MD) and undoped (U ln,,,(;a(.,-As/InAAs heterostructures
grown on graded InGaAs buffer layer or graded lniaAlAs buffer layer

Sample Buffer laver S!-icture 3(X) K 77 K

pt (cm2/V s) N'. (cm 1 p (cm-/Vs N( cm -)

A Graded InGaAs MD 14(M0 1.7 × 10'2 450M) 1.8 x 10
"

B U 900)0 1.1 x lO' 320(X) 9.4x 10'

C Graded InGaAlAs MD 95() 2.1 X 1012 41000 2.1 x 1012
1) U 5400 8.6 x 10× ' 18000 1.1 x 10l
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heterostructures. This fact suggests that the elec-
trons are flowing through two InGaAs channels in
the samples in fig. 2 grown on InGaAs buffer
layers. This also explains the good agreement of
the theoretical calculation with the experiment in
fig. 3. On the other hand, for the modulation-
doped heterostructure grown on InGaAlAs buffer
layer in fig. 4b, the peak of residual electron
concentration is seen inside the InGaAlAs buffer
layer, the amount of which is about one order of
magnitude lower than that observed in fig. 4a.

The 0.5 ym gate lno 5Ga 0.5As/InAlAs MOD- (b)
FETs were fabricated using a heterostructure with
a graded InGaAlAs buffer layer on a semi-insulat-
ing GaAs substrate, the layer structure of which is Vg 0V

In.49AI.51As
, 530AA (a)

* In4 9AI 51AS
< 1°o7 -I ,1000A),

Fig. 5. (a) Schottky diode and device isolation characteristics
and (b) drain I -V characteristics for the fabricated 0.5 pm

1016 In 5Ga s tnGa-As gate MODFET. The gate width is 80 Am.
to IAGraded Buffer Layer

the same as the one shown in fig. 4b. The device

1 isolation and the Schottky diode characteristics
00 0.1 0.2 0.3 0.4 0.5 were found to be good, as shown in fig. 5a. These

DISTANCE FROM THE SURFACE 11m) improvements are probably due to the use of
InGaAlAs for the graded buffer layer. The leakage

7-7- current between two MODFETs about 100 pim
E- ' I n4 .AA'200A) apart was less than I ptA at an applied voltage of

1 2 N-In 49 A1lAai300A, 10 V. Although a high transconductance of 370
Z 3 In,,9A1 slAs130A17~ 3n(b) mS/mm was obtained, the pinch-off characteris-

101 btics are still needed to be improved, as seen in fig.
5b. We believe that these MODFET characteris-

zUAtics will be further improved by optimizing the

Chnel n layer structure and reducing the residual carrier
1000 ,tngAI 1 A. concentration, for which a use of wider bandgap

(1000A, Graded Buffer Layer material such as InAlAs as a graded buffer layer
will be effective.

00 01 o 01 04 0,5

DISTANCE FROM THE SURFACE Prm

Fig. 4. Carrier profiles in (a) an undoped In 3 5Ga1  As/lnAAs 5. Summary
heterostructure grown on a graded In, Ga1 -,.As buffer layer
and in (b) a modulation-doped ln(, 5Ga),As/lnAAs hetero- In summary, we have successfully grown In-
structure grown on a graded In ,(6a,A :) -. As buffer layer. GaAs/ InAIAs modulation-doped heterostructures
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The growth and physics of high mobility two-dimensional hole gases

A.G. Davies, J.E.F. Frost, D.A. Ritchie, D.C. Peacock *, R. Newbury, E.H. Linfield, M. Pepperand G.A.C. Jones

Cavendish Laboratory. Unversin of Cambridge. Madinglev Road, Cambrdge CB3 OHE. UK

Mlodulation-doped p-type GaAs-A ,Ga I ,As heterojunctions have been grown by molecular beam epitaxy (MBE) on the t311 )A
GaAs surface using silicon as the acceptor. Two-dimensional hole gases with mobilities as high as 570.000 cm2 V 1 s - at 50 mK
have been obtained. It is shown that the sample mobility is dependent upon the direction of orientation of the fabricated Hall bar on
the MBE wafer which could be due to the anisotropic nature of the Fermi surface in p-type systems. Experimental results on the
fractional quantum Hall effect (FQHE) in these high mobility hole gases are also presented.

I. Introduction 131. Silicon MBE sources are intrinsically more
pure than beryllium souices and furthermore.

The majority of experimental work on GaAs- silicon does not have the tendency to diffuse dur-
Al,Ga, ,As heterojunctions grown by MBE has ing growth as much as beryllium. The use of
been performed upon n-type material. The proper- silicon as a p-type dopant also eliminates the
ties of p-type heterojunctions have been neglected possibility of beryllium contamination of subse-
mainly because their quality has generally been quent n-type wafers grown in the same MBE
much poorer than that of n-type systems. Most chamber.
MBE growth takes place on the (100) GaAs surface
and beryllium is traditionally used as an acceptor.
It has been reported. however, that high quality 2. Sample growth and characterisation
epitaxial growth can take place on the (311)A
GaAs surface as confirmed by low temperature A series of p-type structures was grown on
photoluminescence studies for bulk GaAs [1] and (311)A GaAs substrates in a solid-source VG
for single quantum wells [2]. Furthermore. it has Semicon V80H MBE machine with substrate tem-
been shown that silicon is an acceptor for growth peratures between 630 and 680 'C as measured by
on this surface and very high mobility material an Ircon infra-red pyrometer during the GaAs
can be achieved [1.3]. This paper reports the buffer growth. A silicon cell temperature of
growth of such p-type heterojunctions having mo- 1083°C gave an n-type carrier concentration of
bilities as high as 570.000 cm2 V ' s ' at 50 mK. 1.7 x 101 cm 3 in bulk GaAs grown on (100)
The highest quality samples have been used to wafers at 1 um/h which doubled when the tem-
investigate the FQHE [4]. perature was increased by 20'C. A Keithley elec-

The larger heterojunction mobility resulting trometer connected to the collector of a nude ion
from this method of growth has been attributed to gauge mounted on the back of the substrate
the reduced carbon and sulphur impurity incorpo- manipulator was used to monitor the beam flux.
ration onto the (311 )A surface during MBE growth Both "D" shaped chromium-doped horizontal

Bridgman substrates with a two inch major axis
and circular undoped two inch LEC substrates

* Also at GF.C Hirst Research Centre. Fast Lane. Wembley were used and were mounted in indium-free
HA9 7PP. UK. holders of proprietary design. Each wafer con-
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tained a GaAs buffer, an AlGa, - As undoped systematic and reproducible variation can be seen,
spacer layer, a 40 nm silicon-doped Al.Ga-,As with the sheet carrier density reducing rapidly
layer and finally a 10 nm GaAs capping layer. with increased spacer thickness in a similar way to
Wafers were grown at growth rates of both I and that reported for n-type samples [5]. The mobility
2 aum/h. The aluminium fraction, x, was usually was not a simple function of spacer thickness and
0.3 but four wafers were grown with x = 0.5. a peak value of about 250,000 cm2 V-1 s-1 at 4.2
Some wafers also contained a superlattice buffer K was attainable for all spacer thicknesses be-
consisting of 20 X (2.5 nm AlAs + 2.5 nm GaAs) tween 10 nm and 40 nm. It has been reported for
layers situated I lim below the heterointerface. n-type heterostructures that the mobility of
This structure leads to the formation of a two-di- successive nominally identical wafers tends to in-
mensional hole gas in the GaAs buffer just below crease slowly following a reload of the cells 15,6).
the undoped AI,Ga, - As spacer layer. This may explain the scatter in the mobility data

The epitaxial layers were processed into Hall and suggests that accurate conclusions concerning
bar geometries by means of conventional photo- the dependence of mobility on growth parameters
lithography and wet-etching techniques. It was may only be drawn from the properties of samples
noted, however, that our standard mesa etch of grown in close succession.
H,SO,: H,O,: H,O (1: 8: 80 by volume) had a Wafers A326. A327 and A328 each contained
reduced etch-rate for the (311)A samples com- 40 nm spacer layers and were grown at a rate of 2
pared with those on the more usual (100) sub- Mm/h with an As/Ga ratio of 7.5. an aluminium
strate. Both lnZn alloy contacts annealed at 350 0 C fraction x = 0.3 and a suhtrate temperature of
and evaporated AuZnAu ohmic contacts annealed 640 0 C but with silicon-cell temperatures of 1083,
at 435*C were employed depending upon the size 1103 and 10630C, respectively. Wafers A326 and
of the Hall bar contact pads. the smaller Hall bars A327 had very similar carrier densities (n = 1 X
having the evaporated contacts. Electrical trans- 10 11 cm 2 ) and mobilities (IL= 180,000 cm2 VI

port measurements were performed using conven- s- 1) at 4.2 K but wafer A328. grown with the
tional low-frequency AC lock-in techniques. lowest silicon-cell temperature, had a factor of two

decrease in the carrier density and an order of
magnitude reduction in the mobility. These results

3. Results and discussion indicate that although the carrier density increases

Fig. I shows the variation of sheet carrier den- with increasing silicon flux there is a saturation of

sit with spacer thickness for the p-type wafers. A carrier densities for high silicon flux.
Wafers A165 and A188 were grown during the

same growth-run and each contained a 40 nm
60- 1 60 spacer layer and had an aluminium fraction x

0.5. These wafers were grown at a rate of 1 um/h
with a silicon-cell temperature of 10830C and a

U ) a 40 substrate temperature of 650'C. Sample A165
was grown with an As/Ga ratio of 5.7 and had a
resulting carrier density of 1.5 x 10'' cm 2 and a

2o L 20 mobility of 180 ,000 cm2 V s - at 4.2 K. Sample
E A188. however, was grown with an As/Ga ratio
-of only 4.9 and this wafer was found to be highly

I £• resistive at 4.2 K.
0 0 The mobility of the best samples was found to

0 2 40 (60 ItSpacer continue to increase as the temperature was re-

Fig. 1. The variation of sheet carrier density with spacer layer duced below 4.2 K. For example. samples
thickness for twenty four p-type GaAs-AI,0a ,As hetero- processed from wafer A198 had an average mobil-

junctions. ity of around 540,000 cm 2 V s- 1 at 50 mK
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Bevelled edge mobilities of the "diagonal" Hall bars lay between

these limits. The variation of the carrier density
++ between samples was about 13% which is typical

across an MBE wafer and was not obviously lin-
eked to the Hall bar direction or to the resulting

bsample mobility. Thus, although the transport is
+4- c I diffusive and any carrier will be scattered and
-+ d h Wafer A184 change its wave vector many times a second, there

was still a systematic variation of sample mobility
with current direction. This shows that it is im-

Hall Bar gs (l05cm
2V- tS- I ) n (1011 cm-2) portant to orientate the Hall bars correctly if the

a(I) 2.18 2.41 highest mobility devices are to be obtained. When
b(/) 1.97 2.21 (311)A wafers were cleaved into rectangular sam-
e(-) 1.71 2.19 pies, it was found that the edges are either be-
d (-) 1.77 2.27 veiled or perpendicular to the sample surface as
e(-) 1.73 2.40 shown in fig. 2. Assuming that the (311)A samples
f(-) 1.69 2.27 cleave preferentially along the (110} set of planes

M(\) 2.04 2.16 as is expected for zincblende crystals. the per-
h(I) 2.44 2.11 pendicular edges must correspond to the (011)

Fig. 2. A schematic diagram of MBE wafer A184 showing the plane. For rectangular samples, the bevelled edges

positions and orientations of the eight Hall bars. The table must represent the (011) plane. The presence of
gives the mobilities and carrier densities of the eight Hall bars these bevelled and perpendicular edges allows the

at 4.2 K. consistent orientation of Hall bars on different
wafers. The highest mobilities were found for cur-
rent flow in the "vertical" orientation in fig. 2

which was twice the 4.2 K mobility. The carrier which is the [233] direction.
concentration of this wafer was 1.2 x 10" cm - 2  The FQHE has attracted considerable experi-
which did not change appreciably over this tem- mental and theoretical attention recently [8]. The
perature range. FQHE is driven by the Coulomb interactions be-

Due to the anisotropic nature of the Fermi tween the carriers in a two-dimensional system
surface in p-type material, the magnitude of the and is destroyed by excessive disorder in the
Fermi wave vector is directionally dependent [7]. material. It is for this reason that most experimen-
It is possible, therefore, that the mobility of p-type tal investigations of this effect have been per-
devices will depend upon the direction of current formed on high mobility n-type GaAs-AI,Ga _-
flow since carriers with a large wave vector are less As heterojunctions although p-type systems have
susceptible to ionised impurity scattering. In order also been studied [9]. Fig. 3 shows the Hall (p,.)
to investigate this, eight Hall bars were processed and diagonal (p,) magnetoresistivity of a silicon-
in different orientations on MBE wafer A184 and doped (311)A p-type sample of mobility L =
the mobility and carrier density of these devices 540,000 cm 2 V- s - and carrier density n = 1.2
was obtained at 4.2 K. A schematic diagram show- x 10 cm- 2 at dilution refrigerator base tempera-
ing the positions of the eight Hall bars on the -D" ture ( < 40 mK). Structure associated with both
shaped wafer is given in fig. 2 together with the the integer and fractional quantum Hall effects
resulting mobilities and carrier densities. It can be can be observed. Fractional states are seen at
seen that there was a large variation in the mobil- filling factors i' = 5/3. 7/5, 2/3, 3/5, 4/7, 3/7
ity with Hall bar orientation, ranging from an and 2/5, in conjunction with quantised plateaux
average of 230,000 cm 2 V - s -' with the Hall bars in the Hall resistance for the stronger fractions.
in the "vertical" direction to an average of 170,000 The magnetic field was not large enough for the
cm2 V - s- for the " horizontal" orientation. The 1/3 fraction to be observed in this sample, al-
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though this fraction has been seen in material with 4. Conclusions
a lower carrier density.

An unusual aspect of this data is the absence of The growth of silicon-doped p-type GaAs-
the 4/3 fraction even though the 5/3 and 7/5 AlGaI - ,As heterostructures on the (31 1)A GaAs
states are present. It was found that if the sample surface has been investigated. It is found that very
was tilted in situ in the magnetic field, the 4/3 high mobility structures can be achieved. The mo-
state emerges [4]. In n-type samples of comparable bility of a processed Hall bar has been shown to
carrier densities, the 4/3 is present at low fields be dependent upon its orientation on the MBE
and is seen to be destroyed gradually as the sam- wafer which is possibly caused by the anisotropic
pie is tilted before finally re-emerging [10]. This nature of the Fermi surface in these systems. The
behaviour is explained by finite-size calculations FQHE has been studied in the best quality sam-
which show that at low magnetic fields the inter- pies. The behaviour of the fractional structure as
acting carriers forming certain fractional states the sample is tilted in the applied magnetic field
can possess spins aligned both parallel and anti- suggests that the Zeeman energy of the fractional
parallel to the applied field [11]. As the sample is states at a given magnetic field is larger in this
tilted, a given fraction is pushed to higher mag- material than in comparable n-type devices.
netic fields. This increases the Zeeman energy of
the reversed spins causing these fractional states
to change. The fact that much lower magnetic Acknowledgements
fields seem to be required to destroy and recover
the 4/3 state in p-type material in comparison We are grateful for the technical assistance of
with n-type material suggests that the Zeeman Mr. D.R. Charge, Mr. D.W. Heftel and Mr. D.I.

energy of a fractional state at a given magnetic Swainston. The financial support of the SERC is
field is larger in the p-type samples [4). acknowledged.
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Serpentine superlattice: concept and first results

M.S. Miller ', C.E. Pryor b H. Weman c.e L.A. Samoska d H. Kroemer .d and P.M. Petroff d.a

Uniersitv of California, Santa Barbara. California 93106, USA

We present an epitaxial growth technique for vicinal substrates which avoids the geometric tilt sensitivity inherent to the cyclic
growth of such structures as tilted superlattices. This cyclical deposition and growth technique produces a serpentine superlattice
(SSL) (M.S. Miller et al.. in: Proc. 20th Intern. Conf. on Physics of Semiconductors, Thcssaloniki, August 1990). Purposefully varying
the per-cycle growth rate produces a lateral superlattice with a variable, meandering tilt. with 1 D. microscopically confined
electronic states formed where the superlattice bends over. The quantum wire electronic confinement is principally determined by the
SSL shape near these widest regions, near places with a vertical tangent. This shape is accurately established through the smooth
adjustment of the fractional monolayer growth rates. If a large enough range of growth rates is spanned, then a particular
confinement structure is guaranteed: With a SSL. quantum wire arrays with particular energy levels may be precisely realized. Not
onl, is this true at a particular place on the substrate, but the growth rate variations across a substrate are automatically
accommodated and uniform wires are realized over the entire wafer. Calculations of the two-dimensional subband structure were
performed for (Ga.AI)As SSLs to confirm the 1 D electronic states, determine optimal structure parameters and explain experimental
results. Such (GaAI)As SSLs have been prepared by MBE and characterized with photoluminescence. We find emitted light in
several samples that is polarized parallel to the direction of the vicinal substrate's steps, which we interpret to he consistent with
quasi-ItD confinement.

1. Introduction TSLs have not successfully been used to form

two-dimensional confinement structures with good
Epitaxially grown heterostructures give one di- electrical and optical properties. One reason for

mension of microscopic compositional control, poorly defined confinement is because of the ther-
typified by ID quantum wells and modulation modynamic difficulty of having fractional layers
doped heterostructures, and can also. in principle. segregate fully on the vicinal terraces in the
provide good confinement in two dimensions. Ap- (GaAI)As system. Perhaps this may be avoided
proaches to epitaxial 2D confining heterostruc- through a better understanding of the growth
tures in III-V semiconductor systems include processes in this system or by turning to other
techniques of cyclic deposition and growth on systems such as the (GaAI)Sb system [7]. Another
vicinal substrates, giving tilted superlattices (TSLs) problem, intrinsic to the growth geometry. is that
[2,31 or fractional layer superlattices [41, and re- the tilt is not a well controlled parameter. This
growth techniques on either finely patterned sub. stems from the facts that the deposition and
strates, which exploit the differing growth of bar- growth rates cannot be characterized to within less
rier and well materials at the bottom of a trench than about one percent and that growth rate vari-
[51. or on cleaved epitaxial layers [6]. In particular, ations across a substrate are typically greater than

one percent. One percent errors in the growth rate
variously give tilts of 14' and 300 on vicinal

Department of Computer and Electrical Engineering. GaAs substrates misoriented 20 and 1', respec-
b Department of Physics. tively, from the (100) surface [2]. Electronic con-

QUEST Center for Science and Technology.
d Department of Engineering Materials. finement energies, and resulting electrical and

Permanent address: Link6ping University, Linkoping, optical properties, will change with the tilt and are
Sweden. thus not well controlled in a TSL. We present here
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another cyclic deposition and epitaxial growth beams is under compt'r oitr ,, and may be
technique for vicinal surfaces. The resulting struc- changed each cycle by a certain amount relative to
tures, named serpentine superlattices (SSLs) for the other cycles. Smoothly sweeping the per-cycle
their purposefully meandering shapes, may be em- coverage back and forth through a rangc including
ployed to obtain quantum wires (QWs) [1]. These monolayer coverage give- - .Lructure with a con-
structures inherently accommodate the geometric tinuously varying tilt, as is schematically repre-
sensitivity to absolute growth rates. The calcula- sented in fig. Ia. Two-dimensional electronic con-
tions of the electronic subband structure and en- finement may be obtained at the wide places in
velope wavefunctions we present confirm the qual- the winding wells, where the structure turns a
ity of this 2D confining geometry. To date we corner. The shape near these regions determines
have prepared a number of (Ga,AI)As SSL QW the energy spectrum of the confinement. Perhaps
samples using molecular beam epitaxy (MBE) to the most interesting case occurs for a linear ramp-
characterize their optical and structural properties. ing of the per-cycle coverage through a range
The polarization dependence of the emitted photo- including vertical growth. This instance gives a
luminescence data that we present suggests that SSL with a cross section of periodically displaced
we have achieved electronic states confined to 1 D, parabolas having curvatures determined by the
but is not conclusive, mis-orientation angle and the per-cycle coverage

Serpentine superlattices are produced with a ramping rate 1/Zo. The confinement energies are
cyclic deposition and growth technique on vicinal determined by zo, the lateral well and barrier
substrates, taking the relative coverage between widths, and the barrier height. The confinement in
successive deposition cycles as a variable, con- this case is insensitive to errors in the absolute
trolled parameter. During such a growth with growth rates. An error shifts the vertices of the
MBE. for example, the shuttering of the molecular parabolas up or down in the growth direction but

growth
direction

bare z [nm]

barrier Jregions of upper cladding

material 2D electronic AIGaAs4 ~ confinement 100

well lower cladding
material AIGaAs

vicinal substrate

(a) (b)

Fig. 1. A SSL cross section is shown (a) that would result from sweeping the per-cycle coverage back and forth through a range that
includes exact monolayer coverage. At such places, where the tangent to the structure is vertical, electronic states are confined to two
dimensions. The 2D potential energy minima near these regions may be characterized by the lateral barrier and well widths, lateral
barrier height and the local curvature of the SSL. (b) Most of the simulated and grown structures have been single-crescent, parabolic

geometries with barriers cladding the SSL region above and below.
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does not change their shape. Thus a confinement
may be obtained that is quite insensitive to growth
rate variations across an entire substrate. . .8

. .6 Usbattir 
=  

.0

2. Calculations and experimental results 125

0

We have calculated energy levels, superlattice .2

subbands, density of states (DOS) and envelope (b)
wavefunctions for the two-dimensional SSL con-

0 .1
finement geometry in order to quantify the quality E-EZ., [eV]

of the quantum confinement, understand the vari-
ation of confinement energies xith the available 30 ,.

design parameters and model problems with ac-
tual structures. A typical configuration for which -, ,fl , " "
we have computed energy levels is depicted in fig. 20 - /7,

l b, a parabolic single-crescent serpentine structure , -, ,
placed between upper and lower cladding layers. % J
For the calculation the SSL potential energy is to
defined on a grid with hard-wall boundaries above ", .
and below and lateral periodic boundary condi- -(a)

lions. The effective mass varies with the alloy 0 L,
composition. This is solved as a series of eigen- 0 10 20 30 40 50

value problems at increasingly finer grid spacings growth direction Irml

with the final result being an extrapolation to zero Fig. 2. Calculated results for a single-crescent serpentine super-

grid spacing. Fig. 2 gives contour plots of conduc- lattice are presented. (a) (ontour plots of the conduction hand
envelope wavefunction of the ground state. I,, and of the

tion band electron envelope wavefunctions and absolute value of the first excited state. 14/, 1. are superim-

DOS for a single-cresent, parabolic SSL config- posed on dashed lines that define the well and harrier regions.

ured similar to the structure of fig. lb. The simu- The lowest contour is more than an order of magnitude below

lated structure had a per-cycle growth-rate ramp- the highest. (b) The electron densitt of states (DOS) is also

ing constant of z, = 125 tm. vertical barriers of gtien for this structure. Note the very good ID-like shape of
vertical barriersdof

x = 1. and both the lateral barrier and well thick- the lower hands.

nesses of 5.4 nm. The wavefunction results of fig.
2a show the good confinement of this structure in coverage over approximately 100 nm of growth,
the growth direction, where the lowest state is thus having .-,, = 500 nm. These have been pro-
localized to about 10 nm in the growth direction. duced on vicinal (100) GaAs substrates misori-
Fig. 2b clearly demonstrates the expected ID-like ented towards [III]A. The SSL layers are de-
DOS for such a confining potential. The first and posited in an alternating beam, migration en-
second conduction band electron subbands are hanced epitaxy mode at substrate temperatures
seen to be separated by 34 meV. Other calcula- between 600 and 610'C on two or more substrates
tion-, we have performed include examining gated simultaneousl,. The principal characterization
SS .. structures and modeling the effects of unin- technique has been the measurement of polariza-
tentional Al in the GaAs %ell. tion dependent photoluminescence (PL) spectra at

A number of (Ga.AI)As samples have been 1.4 K. Fig. 3 gives PL data for a single-crescent
grown by MBE for characterization of their opti- SSL grown on a 2' misoriented substrate. The
cal and structural properties. Most of these speci- spectra were obtained by exciting the sample ob-
men have been single-crescent parabolic structures liquely with 498 nm light and observing the light
prepared with a 20% change in the per-cycle emitted n )rmal to the surface through a polarizing
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with a fit to the measured peak position. However,

0 because the peak position is set by alloy composi-
tion, which is not known better than to several

90o, percent, and because the energy difference be-
O6723n peak tween the poorly segregated barriers and wells is
0 6 le ght [alb unTsJ S2.

vs angle tmwes relatively small, we are unable to make a reliable
anafyzer and SSL wnres CS,, estimate. The polarization effects have been seen

.r on 1° and 20 mis-oriented substrates, but are
much weaker or absent on 0.50 and 40 substrates.
The states which give the lower energy shoulder
peak at 735 nm emit unpolarized light normal to

0 the sample surface. Photoluminescence excitation
720 750 780 measurements confirm that this shoulder peak

Wavelengh lnm] originates from states within the structure that
Fig. 3. The polarization dependence of the photoluminescence gives the main SSL peak. This peak is only present
from a single-crescent SSL on a 20 substrate (81 nm step in some of the SSL samples grown to date and has
width) with the layer dimensions of fig. 2b is given. The SSL
(Ga.AI)As barriers nominally cover 3/7 of a step and have lifetime that is typically two orders of magnitude
k = 1j3. A polarizer has been placed between the sample and longer than that of the main peak. We have con-
the monochromater in order to analyze the emitted light. The eluded that this is a defect-related peak in the
light from the shoulder peak around 735 nm is seen to be SSL. A weak polarization dependence in the back-
unpolarized. The weak signal at longer wavelengths is also seen ground at energies below the main peaks is also
to be polarized. The main peak is assigned to recombination
from quantum wire states in the SSL. and the shoulder peak to seen.

defect-related recombination.

3. Conclusions and future work
analyzer. The angles in the figure are taken be-
tween the anticipated wire direction and the We have presented here a technique for grow-
analyzer's orientation. The larger peak at 723 nm ing epitaxial 2D confining heterostructures. Our
exhibits a polarization dependence, where most of calculations predict the serpentine superlattice
the luminescence is polarized parallel to the wire geometry may give good confinement in (GaAI)As
direction. The polarization dependence of this structures. The initial PL results we have pre-
main peak is what is expected from a simple sented are qualitatively consistent with confine-
theory for recombination from a heavy hole-like ment to ID. SSL structures might well have appli-
quantum wire state [8]. The intensity of this peak. cations in studying ID systems and in devices.
as well as corresponding peaks in most of the Towards these ends we have prepared samples for
other SSL samples prepared to date, is compara- transport measurements and begun to calculate
ble to the intensity of witness quantum wells which the responses of gated structures. A particular
are placed in the cladding layers. The position of device application currently being pursued is that
this peak is approximately determined by the of using a SSL in a quantum wire laser.
nominal total average alloy composition of the
SSL structure, which is well above, by perhaps 80
meV, what would be expected for this SSL in Acknowledgements
which all of the AlAs resides in well defined
barriers, and none in the wells. We have modeled This work has been supported by the National
this poor segregation with a calculation which Science Foundation. We would like to thank A.C.
assumes that much of the AlAs from the barriers Gossard. J.H. English. M. Tsuchiya. J.M. Gaines.
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Growth kinetics and electronic characteristics of quantum wires

A.K. Myers-Beaghton *, J.P.G. Taylor, D.D. Vvedensky *, K.J. Hugill * and A. MacKinnon

The Blacket Laboratorv. Imperial College, London SW7 2BZ, UK

The fabrication and characterization of narrow quantum wires is studied with a combination of theoretical techniques. Using the
compositional integrity as a measure of quality, our earlier work has shown that quantum wires generated by a Monte Carlo
simulations of crystal growth attain the highest quality within a narrow range of substrate temperatures that depends upon the beam
flux and terrace width. We examine the factors that influence the electronic density of states of such quantum wires within a
tight-binding framework and discuss the compositional integrity of the structures in relation to the quantum mechanical integrit'.
The effects of migrating species with different mobility parameters are then considered by appealing to recent ssork describing growth
on vicinal surfaces with an effective nonlinear diffusion equation.

1. Introduction of Neave et al. [3]. who showed that the growth
mode on a vicinal surface is temperature-depen-

The control of interface compositional disorder dent. At low temperatures, growth proceeds by the
is implicit in many of the predicted characteristics formation and coalescence of two-dimensional
of narrow quantum wells and quantum wires [1]. clusters on terraces, while at higher temperatures.
However, in the growth of quantum wells, there is enhanced surface mobility promotes the direct
a lower limit to the superlattice period below incorporation of migrating atoms at the step edges.
which the benefits of the reduced dimensionality with growth occurring by step advancement. In
are lost and some of the material characteristics principle, the high-temperature growth mode may
are more similar to those of an alloy with the be exploited for growing (AIGa)As quantum wires
corresponding average composition [2]. In part. by arranging the substrate temperature(s). Ga and
this is due to imperfect layer-by-layer growth. Al fluxes, and misorientation angle to favor growth
since even under optimum conditions of molecu- by step advancement for both group III species.
lar-beam epitaxy (MBE), the growth front is spread Quantum wire arrays or tilted superlattices are
over several layers. In the case of quantum-wires. then achieved by alternately depositing appro-
interface disorder is compounded by the reduced priate fractional monolayers of the constituent
dimensonality of the growth front. i.e.. the step materials.
edges. because fluctuations in the step-edge profile In practice, quantum wires are grown either by
are far more facile than the fluctuations in the MBE 14.5] or as coherent tilted superlattices [6]
planar growth front of a quantum well. This leads under conditions known as migration-enhanced
to a more irregular lateral interface for quantum epitaxy (MEE) [7.8]. However, since simulations
wires and thus to more stringent kinetic restric- of MEE growth kinetics are only beginning to
tions on the lower limit of the lateral dimension of emerge [9]. we will concentrate on the kinetic
quantum wires. limitations to the growth of narrow quantum wires

The basic principle behind quantum-wire by conventional MBE. By using a combination of
growth by conventional MBE stems from the work Monte Carlo simulations, nonlinear diffusion

equations. and tight-binding calculations of elec-
Also at Interdisciplinary Research Centre for Semiconductor tronic structure we will examine the factors that
Materials. degrade the compositional integrity of the wire

(X)22-0248/91/$03.50 , 1991 Elsevier Science Publishers B.V. (North-Holland)
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due to the interaction between Ga and a less-mo- distance of the square lattice. Excellent agreement
bile species such as Al, and determine the effects is obtained between the values of T determined
of various types of disorder upon the electronic by the nonlinear model, with Eet = 1.4 eV, and
density of states of the lowest subbands of the those obtained from both Monte Carlo simula-
quantum wires. tions and measurements on vicinal GaAs (001)

surfaces for different Ga and As 2 fluxes [10]. This
result, together with the considerable reduction in

2. Theoretical methods effective diffusivity predicted by the model [13]
and observed experimentally [3], highlight the role

The Monte Carlo simulations are based upon a of the adatom interactions as an essential ingredi-

solid-on-solid model of MBE, wherein the sub- ent in a realistic model of MBE.
strate is modeled as a simple cubic lattice on The electronic structure of quantum wires is
which overhangs are not permitted. Growth is calculated using a single-band nearest-neighbor
initiated by the random deposition of atoms onto tight-binding Hamiltonian, which allows the dis-
the lattice at a rate JA, where J is the flux and A order at the interfaces to be treated exactly [14].

is the substrate area. The migration of adatoms is The effective Schrodinger equation can be written

treated as a nearest-neighbor hopping process, with in terms of site components as

the hopping rate given by ,,+ F_ ,c = Ec,,

k(E, T) = k, exp(-E/kBT), j

where k0 is an adatom vibrational frequency (= where ci is the amplitude of the wavefunction at
10" s-)). k, is Boltzmann's constant. T is the site i, and c, is the potential, which takes either
substrate temperature, and E is the barrier to the value fGa or c,,. The hopping elements V, are
migration. The barrier consists of a substrate term the kinetic energy terms, which will be taken to
E, and a contribution E, from each nearest have the constant value. V, between nearest
neighbor along the substrate. Thus, E = Es + nEN, neighbors and zero otherwise. For GaAs/AlAs
where n =0. 1 .... 4. By direct comparison with wires, we must choose CAI >> ela. In the limit
the experiments of Neave et al. [3], the optimum CAI - O, the Ga subband can be studied by con-
values of these diffusion barriers for GaAs(001) sidering only the Ga sites. This provides a consid-
have been determined to be E. = 1.45 eV and erable saving in the computer time and has little
EN = 0.3 eV [10]. By choosing isotropic mobility effect on the results when compared with more
parameters, we have neglected the effects of the realistic values for CAI. It must be stressed, how-
surface reconstruction. The generalization of the ever, that this treatment is not intended to repre-
model to explicitly include the reconstruc,;on is sent in detail any realistic GaAs/AAs system, but
analogous to the case of simulations of , 001) only to treat on a quantum mechanical level a
homoepitaxy [111, and is discussed elsewhte [12]. system for which the scattering structure is similar

Our analytic work is based upon a nonlinear to that of a realistic system.
continuum model for MBE that includes diffusiol
and an approximation to adatom interactions in
the form of diatomic island formation [131. A 3. Results and discussion
natural outcome of the model is the identification
of the transition temperature, T, at which growthby step propagation dominates island-formation: Following previous work [15], we model quan-

tum-wire growth by first considering a system in

T = ( F 0 a12/2 Jh 4 )]-, which the two constituent components have iden-
tical kinetic properties, and are distinguished solely

where Eer is an effective diffusion barrier, h is by a label. In this way we can focus upon the key
the terrace length, and a is the nearest-neighbor features that determine the morphology of these
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structures before addressing the effect of a second "
species. The growth of quantum wires was simu- -
lated by alternately depositing half monolayers of '
"B" and "A" material for a total of ten layers i i
upon a substrate of "A".

To quantify the compositional integrity of these
structures, the "quality" has been defined as the
average percentage of "B" atoms present within
the region that would be completely occupied with
"B" atoms if the wire growth was perfect. Our
earlier work showed that the quality so defined
exhibited a flux-dependent maximum as a func-
tion of substrate temperature. At low tempera-
tures, the poor quality is due to the residual for-
mation of clusters on the terraces, while at higher
temperatures, the decreasing wire quality results (a) (b) (c) (d)
from large-amplitude fluctuations in the step-edge Fig. 1. Sections of 20-atom-wide quantum wires generated

profile, which lead to the meandering of the step from the statistics of simulated wires, with (a) with fixed-width

edge outside of the target area. meandering only and (b) with fluctuations in the width in-

The important growth-induced features that can cluded, and (c) with islands, compared with (d) simulated wires

degrade the electronic structure of quantum wires at the optimum temperature as measured by compositional

are (i) the disorder at the interface, (ii) residual integrity. The dark and light shading indicate regions of AI(As)

island-formation within the wire, and (iii) the and Ga(As). respectively.

long-wavelength meandering of the wise. Since
achieving the required resolution in energy for a of the spectrum is that close to the band edge,
density of states profile necessitates generating where the wavefunctions with long wavelengths
wires of length up to 50,000 lattice spacings, we along the wire direction should be least sensitive
first present the result of a preliminary study that to perturbations of the wire width. The effect of
successively incorporates the effects of (i)-(iii) in meandering on the density of states in fig. 2a is
wires constructed from the statistics of simulated seen to be quite small, with the first three sub-
wires. The integrated density of states was calcu- bands being clearly discernible. However, the in-
lated for two-dimensional planar wires since the clusion of width fluctuations has an evident detri-
computational requirements for treating wires with mental effect, with only the first subband showing
a full two-dimensional cross-section are at the sharp definition (fig. Ib). The addition of islands
moment prohibitive. However, planar structures has an even stronger degrading effect, presumably
similar to those whose electronic structure we are by forcing nodes in the wavefunction, which wipes
calculating have been grown by MBE [16], so this away the remaining the characteristic features of
idealization is not as drastic as it may first appear. the density of states. These results are expected to

Sections of the three types of wires studied are be a strong function of the width of the quantum
shown in fig. 1, with a fixed-width meandering wire, with the effects of the interface disorder
structure in fig. la to which interface fluctuations diminishing with increasing lateral extent. The
are added in fig. lb and islands in fig. Ic. The morphologies in figs. la-Ic also indicate that the
mean width in all three cases is 10 atomic units characterization of wire quality based upon struct-
and the statistics used to generate these structures ural integrity can be a misleading measure of
were taken from the appropriate correlation func- quantum mechanical integrity, since increasing the
tions of simulated wires (fig. ld). The correspond- substrate temperature decreases both the island
ing densities of states near the band edge are density and the interface disorder.
shown in fig. 2. The physically interesting region The presence of a second. less mobile species.
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Fig 'A The variation in T as function of Al concentration for
0.20 growth of AlGaj ,As. Os x _1 on a vicinal surface with

0.18 terraces of length h = 10a and h 20a. The total flux has been
set to I ML/s.

0.16

0.14

0.12 e.g. Al, can affect the morphology of the quantum
wires in several ways. First, the growth tempera-

.ture must be chosen so that the growth of the
C 0.08 alloy proceeds by step advancement. Since adatom

.06 interactions decreases the effective mobility of Ga

0.04 by providing capture sites for diffusing Ga atoms,
the appropriate growth temperature depends upon

0.002 the Al concentration. Furthermore, Al is expected
0.0 to increase the density of step-edge kink sites.

-3.8 -3.6 -3.4 -3.2 which leads to a rough step profile and increases
E,'V

Fig. 2. The densities of states near the band edge of monolayer the width fluctuations of the wire.
slices of quantum wires generated from the statistics of simu- Although the mobility parameters of Al have

lated wires shown in figs. la-Ic. not been determined because of complications in-
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volved in growing at the required elevated temper- on vicinal surfaces as well as extending the calcu-
atures, the values of T can be estimated for a lations on the simulated quantum wires to trans-
given value of the effective diffusion barrier of Al port phenomena.
by appealing to the nonlinear diffusion equation
adapted to account for two diffusing species. The Acknowledgements
calculated transition temperatures are shown in
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Quantum wire structures by MBE overgrowth on a cleaved edge

Loren Pfeiffer. H.L. Stirmer, K. West and K.W. Baldwin
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We have recently demonstrated the existence of a high mobility (6.1 × 105 cm2/V • s) two-dimensional electron gas (2DEG) at the
(110) %icinal surface formed by cleaving [L. Pfeiffer et al., Appl. Phys. Letters 56 (1990) 16971 a (100) GaAs wafer. We have now
expanded this work to modulation-doped overgrowth on the cleaved edge of a multiperiod superlattice. We report here the first
observation of the quantum Hall characteristics in such a two-dimensional system containing an atomically precise 71 A GaAs by 31
A Al0, 4Ga(,,As compositional superlattice. The onset of Shubnikov-De Haas oscillations occurs at only 3000 G, implying the
Landau cyclotron orbits are phase coherent over diameters as large as 5000 A, corresponding to more than 20U GaAs/AIGaAs
interface crossings.

Our recent demonstration of the MBE growth illustrated in fig. 1. As can be imagined from the
of high quality AIGaAs on the cleaved edge [11 of figure the idea is sufficiently straightforward to
a GaAs wafer opens up exciting new possibilities have occurred to many people over the past 15
for all sorts of laterally confined quantum struc- years [2]. Until now, however, technical difficulties
tures having unprecedented atomic precision in with the quality of the second MBE growth have
two or even three dimensions. We wi!l describe the presented successful experiments along these lines.
cleaved growth method, review our initial results The technical difficulties are of two types: (i) One
establishing the quality of the MBE overgrowth, must find a new set of MBE conditions for high
and then describe new work on modulation-dop- quality growth on the (110) atomic surfaces of
ing over cleaved multiperiod superlattices, includ- GaAs. We must grow on the (110) surface because
ing a demonstration of phase coherence over GaAs crystals show a strong natural preference
Landau cyclotron orbits that cross 200 ov more for cleavage on (110) lattice planes. (ii) Any clea-
GaAs/ AIGaAs interfaces. vage must be performed in UHV and preferably

The concept of quantum wire fabrication by in situ in the MBE growth chamber, because ex-
MBE growth on a cleaved edge of a GaAs wafer is posure to atmospheric contamination will irre-

w -- 2 N- D 
MBE

Growth
Cleave

(D Dopant
C3

tnQuantumL Wire

Step I Step 2 Step 3
Fig. I The concept of laterally confined quantum wire fabrication by MBE growth on a cleaved edge.

0022-0248/91/$03.50 C 1991 - Elsevier Science Publishers B.V. (North-Holland)
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versibly damage the fresh (110) atomic surface,

particularly so of those layers containing alumi- 0.5- SAMPLE A: (110)-WAFER

n u m .
n 4 6 x 10 cm 

2

The literature of Ill-V epitaxy contains very 4.8 x 105 cm 2/Vsec 2prb R

few accounts of growth on surfaces other than 04

(100). and only a handful [3-61 that discuss GaAs
growth on or near (110). However, these refer-
ences make it clear that good epitaxy on an exact 03 -

(110) surface is very difficult, because As4 does
not readily stick to the non-polar (110) surface

300
even in a Ga flux. The proposed solutions include 0
increasing the As 4 overpressure, lowering the sub-
strate temperature. using As 2 in lieu of As,, or
choosing a surface misaligned by a degree or so X
from exact (110) GaAs. But misaligned (110) 0.1 20

surfaces are not useful here, because the cleave R, 4-prb R..

will expose an exact (110) GaAs surface. We
found use of an As, beam did improve the mor- 0 1 2-

phology of the overgrowth, but so far we have -1100

been unable to find suitable conditions for good 0.1
10) epitaxy using As,. In growth tests using 5

cm diameter GaAs wafers polished on (110)
surfaces to within 0.1' we generally confirm the 0 2 4 6 8 10
conditions found by Zhou, Huang, Li and Jia [6]. MAGNETIC FIELD (T)

We use a beam-equivalent As4 ion gauge pressure Fig. 2. Four-probe and 2-probe magneto-resistance (4-probe

of 1.6 X 10 - 5 Torr measured at the substrate posi- R,,) and Hall resistance R, of a two-dimensional electron

tion, and a substrate temperature of 480-5000C gas in a 4 mmx4 mm planar (l10) modulation-doped sample

measured using an Ircon Type V infrared pyrome- grown at the same time as the edge cleaved sample of fig. 3.

ter f7J calibrated assuming a congruent sublima-
tion temperature for GaAs of 640 0 C. Modula-
tion-doped 250 A wide quantum wells grown on molecular fluxes before the cleave. The cleave then
(110) wafers under these conditions at a growth becomes the last step before overgrowth on the
rate of 0.5 monolayers/s show smooth featureless newly exposed (110) edge. We modified our Varian
morphology free of excess Ga and clean 4-point Gen 1I MBE equipment [81 to accomplish the in
Shubnikov-De Haas (SdH) spectra (see fig. 2), situ cleave.
and 2DEG mobilities in the range 3 to 5 x 105 In order to establish the quality of the MBE
cm 2/ V • s in the dark, after exposure to light at growth on a cleaved interface, we decided to post-
1 K. This mobility is an order of magnitude better pone our quest for novel quantum wire physics,
than the best previous reported [61 for epitaxial and instead to look for the quantum Hall effect in
material. a two-dimensional electron gas (2DEG) at the

We decided to use a cleave as opposed to ex cleave of previously MBE grown GaAs material.
situ lapping or etching in order to provide the The sample was prepared for the cleave by grow-
cleanest possible surface on which to proceed with ing 1000 A of undoped GaAs, then 7 i of super-
further epitaxial growth. A clean surface can only lattice consisting of alternating layers of 100 A
degrade with time and handling. So it is obvious Al0 33Ga 0.67As and 30 A GaAs, then 10 ptm of
that ideally the sample should be in the MBE GaAs, followed by 7 pm of superlattice cap. In
growth chamber, at the proper growth tempera- this case the GaAs wells of the superlattice are
ture. with the proper orientation, and in the proper kept very narrow so that only the 10 pm thick
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GaAs layer later supports a 10 tpm wide 2DEG. 4-probe and 2-probe transport geometries. We
After growth the wafer is removed from the ma- show this comparison for reference because the
chine, lapped from the backside to a thickness of growth on the cleaved surface (see fig. 3) produces
150 Lm, and cleaved into rectangular pieces 5 a narrow stripe of 2D electrons, which makes the
mm x 10 mm. A scratch 0.5 mm long is made common 4-probe measurement very difficult. In
where the future in situ cleave is to occur. After the less common 2-probe geometry R_ and R,,
cleaning these pieces are mounted using Ga metal are admixed as seen in the magneto-transport
solder on a special Ta metal substrate holder. The spectrum in fig. 3 marked 00. In this case the
pieces are soldered against a 3 mm high Ta brack- magnetic field is perpendicular to the 2D electron
et so that their 10 mm length extends in free space system. We observe the characteristic magnetic
normal to the plane of the sample holder's front field dependence of a 2D electron system which
surface. To monitor the quality of the growth, and resembles the Hall resistance in a 4-probe config-
to provide a surface of proper emissivity for the uration. As compared to fig. 2 the mixing of R,,
pyrometer, a (110) oriented wafer is mounted con- into R.,,. is much stronger due to the much larger
ventionally with Ga solder on the front surface of aspect ratio of 10 Am/ 600 tgm of the edge sample
the Ta holder not occupied by the edge growth as compared to 4 mm/4 mm in planar sample.
samples. The holder is in all other respects com- Nevertheless, in the high-field regime a clear
patible with the Varian Gen II sample transfer plateau of R,,. = h/2e2 is well resolved from
equipment. Thus the sample is put into the load- which we can deduce the electron density n = 3.6
lock of the MBE machine, vacuum outgassed, and X l0 l cm 2. This is only slightly less than in the
loaded into the growth chamber in the usual way. simultaneously grown planar sample shown in fig.

The non-rotated sample holder is oriented in 2. From the resistance of the 600 ptm long, 10 pm
the growth chamber so the multilayer side of the
yet-to-be-cleaved sample pieces do not see any
flux from the Si furnace. The oxide from the (110) F )
planar sample is desorbed at - 6300 C in the As 4  I SAMPLE : EDGE GROWTH

flux. Subsequently, the substrate temperature is 0 5 L 36l1o-c 
2

lowered to 485 0 C. and the precleave growth on 00 0C2 sC D 280 42o
the (110) planar substrate begins. The precleave
layer sequenLe is as follows: 3000 A GaAs, a 1300
A superlattice consisting of alternating layering of 04

100 A Al, Ga, 7 As and 30 A GaAs, and finally a
1000 A GaAs wide layer which will become the 56

o

2DEG channel in the (110) planar sample. o.3!
All growth is then stopped for a few seconds

during the cleave. The cleave is accomplished by _

moving a Ta metal bar against the upright un- 0o

cleaved pieces along a path parallel to and - 7
mm above the front surface of the substrate holder.
Within about 1-2 s after the cleave, the MBE
growth resumes. But now the growth proceeds on 0.,

both the newly exposed cleave as well as the
adjacent (110) planar wafer. The post-cleave layer
sequence is as follows: 300 A AI0 3Ga0.7 As un- 0 _J

doped setback. Si -doping at 1012 cm-2 3000 A 0 2 4 6 8 10
e sMAGNETIC FIELD (T)

Al 0 3Ga0 7As, completed by a 50 A GaAs cap. Fig. 3. Two-probe magneto-resistance data of a two-dimen-

Fig. 2 shows standard magneto-transport mea- sional electron gas in a modulation-doped sample regrown
surements on the (110) planar sample using both with MBE on a (t10) surface after an in situ edge cleave.
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wide stripe we infer a mobility of A = 6.1 x 105

cm 2/V - s; slightly in excess of the planar sample.
The other traces show the magneto-resistance of

the cleaved sample as the cleaved surface normal
is rotated at various angles away from the direc- -

tion of the magnetic field. The magneto-resistance o o

pattern shows the orderly cos 19 shift which is W, (testa)

expectcd from a 2D electron gas located in the z
plane of the (110) cleave. The lack of any ad-
ditional oscillations proves that the 2DEG exists
only on the cleaved surface and that no other 0 2 4 6 8 10

2DEG has been grown accidentally on any other MAGNETIC FIELD (testo)

of the exposed surfaces. Fig. 5. Magneto-resistance of the modulation-doped composi-

Having established that our MBE growth fol- tional 2D superlattice.

lowing an in situ cleave can produce high quality
material, we turned our attention to the composi-
tional 2D-superlattice structure shown in fig. 4. as described before with the cleaned, backside
The sample preparation is similar to the previous lapped, 5 mm x 10 mm pieces mounted so their
case except that now the MBE growth before the 10 mm lengths point toward the MBE source
cleave is a superlattice consisting of the repeating ovens. The proper conditions for (110) epitaxy are
pair 71 A GaAs/31 A A10 24Ga0.76As. This super- then established in the MBE growth chamber. The
lattice is grown with I X 1018 cm - 3 Si doping for cleave and post-cleave growth sequence are also
the first 1 )m, then undoped for 3 pm, and finally the same as before except that now the undoped
with I x l o

ll cm - 3 Si doping for the last 3 jam. A10.33Ga0 67As setback is reduced to 250 A to
After growth the sample is prepared for cleaving increase the 2DEG carrier concentration.

A4B.33Ga.6As

----- --' -- ------ -- 8 D O P E D S i

DIFFUSED 2-DEG

31A Al.4G ,TAs -

SUBSTRATE
Fig. 4. Structure of the modulation-doped compositional 2D superlattice.
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splitting corresponding to a filling factor v = 3 is
clearly resolved at 4.06 T. From the period of the
oscillations we deduce a 2D electron density of
3.0 X 1011 cm 2. The onset of the SdH oscillations
occurs at only 0.3 T (see inset of fig. 5). Using the
classical cyclotron orbit formula

m*v 2 /r = eBv,

I.. and regarding the system as isotropic with an
effective mass m* 0.07 m0, we deduce a
cyclotron orbital radius of r = m *v/eB. Here e is
the electron charge. v the electron velocity which

2500 A in this case is the Fermi velocity = 2 X 107 cm/s,
and B is the magnetic field. At the onset field
B = 0.3 T the orbital radius r corresponds to
2500 A. Thus, at onset, the nearly circular orbit

Fig. 6. Schematic diagram of the electron orbit corresponding (see fi. 6ust oss moe tan 200 orbit

to the Shubnikov-De Haas onset. (see fig. 6) must cross more than 200 GaAs/
AIGaAs interfaces while maintaining sufficient
phase coherence to show a distinct oscillation in
magneto-transport.

The magneto-transport measurements are made Due to the contact resistance no direct measure
using diffused contacts to the n- layers shown in of the sample mobility is available for the 2D
fig. 4. Fig. 5 shows the well established broad superlattice. However. we can obtain a lower
zero-resistance minima associated with the ex- bound estimate by assuming wT,-- I. at the onset
istence of a quantum Hall effect (QHE) in this of the SdH oscillations. Recalling eB/m*=w
compositional 2D-superlattice sample. The spin from the cyclotron formula and using the resulting

THIRD
GROWTH At 3Ga ,As

SECOND /FIRST
SECOD WGOWT
CLEALVEV

AZ 3Ga ,As MODULATED GaAs
S -?s I-DEG

Fig. 7. Proposed structure of a modulation-doped quantum wire (IDEG) that is longitudinally modulated with an adjacent
super!attice.
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relaxation time T, as a lower limit for the mobility References
scattering time t we arrive at L = e rT/m* >

eT~/m* = 33,000 cm2/V - s. As is known from the [11 L. Pfeiffer, K.W. West, H.L. Stbrmer. J.P. Eisenstein.
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lent quality which justifies a serious look for the L. Esaki, in: Recent Topics in Semiconductor Physics.
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We conclude with a proposal for a still more [41 L.T. Parachanian, E.R. Weber and T.L. Hierl. Mater. Res.
Soc. Syrup. Proc. 46 (1985) 391.complex compositional superlattice structure. ThisSo.yp.Po.4(18)3.

[51 L.T. Allen, E.R. Weber. J. Washburn and Y.C. Pao. Appl.
structure shown in fig. 7 employs an adjacent Phys. Letters 51 (1987) 670.
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Indium incorporation in GaInAs/ GaAs quantum wells grown
on GaAs

K. Woodbridge *, K.J. Moore, N.L. Andrew and P.F. Fewster
Phhps Research Laboratories. Redhill, Surrey Rill 511.4. UK

We report RHEED studies on the growth of GalnAs on GaAs over a range of. growth conditions. Above about 5500 C there is a
steadN fall in In incorporation and a temperature-dependent reconstruction change from an A, stable 2 x 4 to an In stable 4 x 2.
Recover time data indicate that the In surface concentration is highest at 560'C and decreases at higher temperatures due to
increasing re-evaporation rate. An upturn in recover_ time at longer deposition times and lower temperature, ma, he due to strain
limited ncorporation. Compositional homogeneity of GalnAs/GaAs quantum wells grown with full and partial In incorporation
,hoyA marked differences which are discussed in relation to the above results.

I. Introduction peratures [3,6.8.9]. In addition, in this materials
system. the further effect of strain must be consid-

The growth and characterisation of strained ered to possibly influence the growth mode [3.101.
laver slructures has been the subject of a great It is clearly important to determine the In content
deal of study in recent years. One of the most of these strained layers as accurately as possible in
widely studied systems has been GalnAs/GaAs order to allow meaningful interpretation of optical
which has a number of potential device applica- and electrical data. In this work we have used
tions such as pseudomorphic HEMTs and strained RHEED studies on GalnAs in order to investigate
layer lasers. The incorporation of In into GalnAs the incorporation behaviour of In under a variety
is complex and has been the subject of many of growth conditions. These results have then been
studies using RHEED surface reconstruction and related to the actual In content of GalnAs/GaAs
oscillation data. The gradual decrease of InAs multiple quantum well (MQW) structures grown
growth rate as a function of temperature has been under conditions of both full and partial incorpo-
observed b, a number of authors 11 -31 and ap- ration of In. In contents of these structures were
pears to be a significant effect above about 5500 C. directly determined by low temperature photo-
Below this temperature, many groups have ob- luminescence (LTPL) and X-Ray diffraction
served a transition from a two-dimensional to fXRD) techniques.
three-dimensional growth mode [4- 7] at a "critical
thickness thought to be related to the onset of
misfit dislocation generation. Above this tempera- 2. Experimental
ture a transition from an As stable 2 X 4 to ametal stable 4 x 2 has been reported [2.61. This Layers for this work were grown in a commer-

meta stble4 X2 hs ben epotedf2,1. his cial 3' inch MBE system equipped with a 15 kV
has been linked to the presence of In on the
growing surface and indeed In surface segregation electron gun for RHEED analysis. Diffraction

h)as been reported to occur at higher growth tem- patterns were viewed on a coated phosphor screen
and RHEED intensity oscillations were monitored

Present address. Department of Electronic and Electrical via an optic fibre coupling and a photomultiplier.
Engineering. tniversit, College London. icirrington Place. Undoped GaAs(001) substrates were In mounted
London WCIE 71-, UK on to a bonded platten for RHEFI) studies hut

W1)22-0249,91 /SW 14 , 1941 Elsevier Science Publisher, .V. lNorth-Ilolland)



340 K. Woodbridge ei a]. / In incorporafion in GaInAs/ C(4As Q Ws grown on GaAs

were fitted in non-bonded 2 inch holders for 80 n

growth of complete MQW structures. The sub- In = 0.36m/s

strate was rotated during growth of the MQWs. 60 v
Growth rates were measured using the RHEED
oscillation technique and were 1 monolayer per
second (ML/s) for the GaAs. InAs growth rates > 40 r
that are quoted in the text were deduced from
GaAs and GalnAs RHEED oscillations at a sub-
strate temperature below that at which In re- 20

evaporation occurs. All growth occurred under an
overpressure of As4 and a V/III beam flux of 0 ----------
about 15-20/1 was maintained during layer de- 0 20 40 60
position. The LTPL measurements were made at 4 Deposton time (s)
K using a He-Ne laser. as the excitation source. Fig. 1. Time for surface reconstruction to return to 2x4
XRD measurements were made by double-crystal following termination of the In flux (dashed line) or Ga and In

diffractometer using Cu Ka radiation and simula- fluxes (solid line). Substrate temperatures are 560oC (0).
tion of the rocking curves with dynamical theory 580 0C (A) and 600'C (0).
[11].

Recovery times were measured as a function of
3. Results deposition times up to 60 s using an In flux

equivalent to 0.36 ML/s. The data are presented
3.1. Surface studies in fig. I for three different substrate temperatures.

Several papers have previously reported the de- The long recovery times in these cases would
crease of InAs growth rate as a function of sub- appear to confirm that In surface segr gation is
strate temperature and those experiments were occurring. The recover' time becomes longer as
repeated here initially to give some reference point the substrate temperature is lowered for both In
for substrate temperatures in the following experi- off and total growth stop situations. This result
ments. The InAs growth rate was deduced from clearly implies that the surface In population is
the RHEED oscillation period of GalnAs over a larger at 560'C than at 600°C so that although
range of substrate temperatures and was found to the amount of In segregating must be lower at the
start to drop significantly above about 550'C lower temperature. this is more than compensated
decreasing by a factor of 2 by 5900C. We also for by the lower re-evaporation rate. This result is
found that in the partial In incorporation regime in general agreement with the data of Ebner and
the RHEED oscillations terminate abruptly after Arthur [3]. When the Ga flux remains incident on
a certain time and the reconstruction changes from the surface, as would be the case in the growth of
2 x 4 to 4 x 2. The time for this to occur decreases GalnAs/GaAs quantum \ells, the recover' time
with both increasing In flux and increasing sub- is longer for all temperatures. The recovery time
strate temp,-ature consistent with non-incorpo- appears constant with deposition time for higher
rated In segregating to the surface. These data in temperatures or shorter deposition times implying
themselves do not prove that In segregation is a constant In Furface population is maintained
occurring since increased As loss from the InAs under these conditions. This situation does iot

component of the material could also result in a seem to hold for either longer deposition times or
group Ill stable surface. We therefore carried out lower temperatures especially in the case of the
a series of experiments to examine the time it GaAs growth continuing. The marked increases in
takes for the GalnAs surface to recover the 2 x 4 recovery time in these cases suggests a gradual
reconstruction from the In stable 4 × 2 after either build up of surface In. This could be related to a
the In or both the In and Ga fluxes are terminated, strain induced reduction in In incorporation which
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might be expected to be more pronounced at
lower temperatures where the initial incorporation
of In is higher. Chang et al. [5] have reported that
surface recovery times increase with increasing
strain and have proposed an island growth mode n

for strained GaInAs at higher temperatures. in the
case where the Ga flux is left on and the GaAs -
continues to grow, then the re-evaporation of In is

suppressed resulting in longer recovery times com- j A

pared to the total growth stop situation for the
same In surface coverage.

3.2. MQ W studies

It is apparent from the above data that, for
growth of GalnAs at higher temperatures, the In
incorporation behaviour is complex and involves Fig. 2. Mean In content across 2 inch wafer for GaInAs/GaAs

segregation, re-evaporation and possibly strain and MQW sample grown at 530* C (M247).

thickness dependent effects. This section of work
describes the growth and compositional analysis citonic features with less than 1 meV shift in
of two typical GaInAs/GaAs strained layer struc- transition energy across the wafer indicating little
lures grown at temperatures above and below the lateral In content fluctuation. The results for the
point at which In re-evaporation and segregation wafer grown at 580 0 C are quite different (fig. 3)
becomes significant. The layers were both twenty showing a mean In content of about 1% with up to
period GaInAs/GaAs MQW structures with 100 50% variation in absolute In content across the
A barriers and 20-25 A wells. Growth was started slice. LTPL on this wafer also shows quite differ-
with a I pm GaAs buffer and terminated with a ent behaviour with significant exciton peak posi-
200 A GaAs cap. The structures were not inten- tion shifts up to 3 or 4 meV across the wafer
tionally doped and were grown at 530 0 C (M247) indicating variations in well Ins content of up to
or 580 0 C (M149). The InAs growth rates were set 50%. These data correlate well with the large lateral
at 0.13 ML/s for the low temperature sample and mean In content variations which have been mea-
at 0.21 ML/s for the high temperature sample in
order to try and compensate for some of the In
loss. The layers were cleaved in half and sectioned
into 1 cm square pieces for examination by XRD
in order to determine the mean (well + barrier) In

content of each piece. The results were then ex-
trapolated to a whole 2 inch wafer a 3D graphical
plot generated of In composition as a function of
position on the slice. The mean In composition
was also confirmed by atomic absorption spec-
troscopy while direct measurement of well com-
position was obtained from LTPL for comparison
with the XRD data [12]. The plot for M247 can be
seen in fig. 2 and shows that good lateral uniform-
ity is obtained with the mean In content being Jo
2.3% with variations of about 1% in absolute In Fig. 3. Mean In content across 2 inch wafer for GaInAs/GaAs

content. LTPL on this wafer shows sharp ex- MQW sample grown at 580 0 C (M149).
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sured by XRD. Despite these large fluctuations in a mean In content which agrees well with the
In content the optical efficiency of this sample measured InAs growth rate and good uniformity
remains high. We also see some fine structure in while those grown at 580 'C show a significant
the spectra of both samples which suggests some drop in In content in addition to large variations
smaller inter- or intra-well fluctuations in In con- in mean In content of up to 50% across the wafer
tent of about 0.5%, similar to that which we have as measured by XRD. LTPL data agree well with
previously reported [13]. the XRD results but also show that high optical

These results clearly show that growth of quality material is still obtained at high tempera-
GaInAs/GaAs MQW structures at high substrate tures. Sharp PL lines suggest that the lateral In
temperatures produces both a reduction in In in- variation is on a much coarser scale than the 50
corporation, as expected, but also large lateral um PL probe size. There is also some indication of
compositional inhomogeneities. The origin of these small well-to-well fluctuations being present in all
composition variations is difficult to determine samples. The In incorporation into quantum wells
from the current data but could be related to at high temperature is clearly complex and is
temperature variations across the wafer during strongly affected by the segregation and re-
growth. This posibility is currently being investi- evaporation which is observed by RHEED for
gated. GalnAs growth. Further experiments, possibly

using modulated beam mass spectrometry tech-
niques are required to determine In surface life-

4. Conclusions times and re-evaporation rates directly.

We have studied the incorporation behaviour of
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Narrow luminescence linewidth in GaAs single quantum wells
by insertion of thin AlAs smoothing layers

K. Ploog, A. Fischer, L. Tapfer and B.F. Feuerbacher
Max-Planck-Institut flir Festkdrperforschung, W.7000 Stuttgart 80, Germany

We propose a new approach to produce high-quality GaAs single quantum wells with smooth interfaces by molecular beam
epitaxy, avoiding long growth interruption times. The insertion of ultrathin AlAs smoothing layers at the constituent
GaAs/Al.Ga1 _As heterointerfaces and growth interruptions of not more than 15 s yields an improvement of the luminescence
linewidth (FWHM) to 0.56 meV for a 13 run wide GaAs well and to a value as low as 0.195 meV for a 27 nm wide GaAs well. In
addition, no Stokes shift between absorption and emission and no line splitting due to monolayer fluctuations in the well width are
observed.

i. Introduction result in a smoothing of the interfaces, there is
also a concomitant increase of the impurity con-

The potential for exciton confinement in quan- centration at the interfaces, incorporated from
tum wells (QWs) made of III-V semiconductors is gaseous background species of the vacuum system.
often not ideal. The potential perturbation Moreover, the interface and bulk composition of
originates from microscopic well width fluctua- the ternary alloy can differ considerably because
tions due to the existence of growth islands of of surface segregation [71, i.e. the most weakly
different lateral extent at the interfaces and from bound group III element segregates at the surface
statistical composition fluctuations of ternary al- during growth interruption. Recent structural in-
loy (e.g. Al.Ga- ,As) barriers. This interface vestigations by high-resolution transmission elec-
roughness has a strong impact on the electronic tron microscopy (HRTEM) [8] of the samples
properties of GaAs/ AlGa1 - xAs heterostructures originally grown by Tu et al. [9] did not confirm
and superlattices (SLs), including broadening or the existence of atomically abrupt material transi-
splitting of excitonic luminescence lines [1], irregu- tions and flat terraces of large area. In addition,
larities in luminescence quenching under reso- the splitting of the luminescence lines due to
nance conditions [2], perpendicular-localization of monolayer fluctuations in the same sample was
excitons in SLs [3], variations of tunneling times found to vary considerably and not in integer
induced by barrier width fluctuations [4], and steps as a function of position of the laser spot on
modification of exciton dynamics through inho- the wafer [10].
mogeneous broadening of exciton states [5]. The latter two findings led to the conclusion

The currently accepted status of optimized con- that apparently even the island regions are rough
ditions during conventional molecular beam epi- on atomic scale (note the difference in length
taxy (MBE) is the application of growth interrup- scale: for excitonic properties the roughness over
tion for generation of growth islands with atomi- the exciton diameter is crucial, whereas for electri-
cally flat terraces of area comparable to or larger cal transport properties the roughness over the
than the exciton diameter [6] and sometimes the Fermi wavelength becomes important). We have,
additional use of all-binary AIAs/GaAs short- therefore, developed a new approach for obtaining
period SL barriers [3]. However, although inter- smooth GaAs/Al Ga,-,As heterointerfaces on
ruption of the group III flux for a few minutes can the length scale of the exciton diameter, avoiding

0022-0248/91/$03.50 0 1991 - Elsevier Science Publishers B.V. (North-Holland)
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long growth interruptions. The insertion of ultra- ANGLE (mrod)

thin AlAs smoothing layers at the constituent in- 2 -1 0 1 2
terfaces yields an improvement of the lumines- 10°- SuAGosAs8.11 GoAs Substrote

cence linewidth to 0.56 MeV for a 13 nm wide 10.
GaAs single quantum well (SQW) and to a value _> . b-

-(b)
as low as 0.195 MeV for a 27 nm wide well. In ,, 10-2

addition, no Stokes shift between absorption and _,
emission and no line splitting due to monolayer y 10.3  ,
fluctuations in the well width are observed.

GoAs Substrote
> - SLOi10

q  
",2. Experiment I

U 10-2 (a)
The GaAs SQWs of the present study are grown -"

in a three-chamber MBE system similar to that L 1°3
described previously [11] using tetrameric arsenic C -'
and elemental Al and Ga sources. The exactly 10" "

-20 -10 0 10 20
(001) oriented [<0.1° off] semiinsulating GaAs ANGLE (mrad)
substrate is heated to 600 a C without In soldering. Fig. 1. X-ray diffraction patterns of the studied epilayer taken
The growth ratcs of 1 ML/ s for GaAs, 0.5 ML/s with Cu Ka1 radiation in the vicinity of the (400) GaAs
for AlAs and 1.5 ML/s for Al Gal -,As with reflection; (a) overall diffraction pattern including satellite
x = 0.3 have been calibrated by measurements of peaks; (b) very close to (400) GaAs reflection on expanded
the RHEED intensity oscillations and by layer scale.
thickness measurements in previous growth runs.
The layer sequence of the sample comprising three
GaAs SQWs of 44. 27, and 13 nm width is as radiation [121. The photoluminescence (PL) and
follows: the ",uffer layer next to the substrate photoluminescence excitation (PLE) experiments
consists of 60 periods of 10 ML GaAs/10 ML are carried out in a He bath cryostat at 2.1 K. The
AlAs short-period superlattice (SPS). 0.7 pm sample is excited with a CW Styryl 9 dye laser
AIGa -As, and another 60 periods of 10 ML pumped by an Ar' ion laser using eAcitation
GaAs/10 ML AlAs SPS. Then 0.2 pm GaAs, 0.1 densities below 5 W/cm2 for direct excitation of
pam AiGa,- As, and the 44 nm GaAs QW the respective SQW. The luminescence is disper-
sandwiched between 3 ML AlAs follow. This first sed by a 0.85 m double monochromator and de-
wide QW is separated by 30 nm Al,Ga _,As tected with a cooled GaAs photomultiplier tube.
from the second GaAs QW of 27 nm width also The spectral resolution of the PL experiments is
sandwiched L tween 3 ML AlAs. Another 30 nm approximately 0.05 MeV and the width of the
AIGa_ -As iarrier separates the final 13 nm PLE spectra is limited by the 1 meV bandwidth of
GaAs QW s,,rrounded again by 3 ML AlAs the exciting dye laser.
smoothing la ers. The top layer is 0.1 pm
A ,Ga, -As :.nd 2 nm GaAs. At each constituent
interface the g oup Il flux is interrupted for 12 to 3. Results
15 s. mainly in order to adjust and synchronize the
position of the rotating (6 rpm) substrate to th,; In fig. I we show the X-ray diffraction patterns
appropriate layer thickness. The structural param- of the epilayer recorded around the (400) reflec-
eters of the whole epilayer, including the thick- tion. Besides the substrate peak and the main
nesses of the constituent GaAs, AlGal ,As, and epitaxial layer peaks, the spectrum of fig. la ex-
AlAs layers are determined by high-resolution hibits the + I and -I satellite peaks of the two
double-crystal X-ray diffraction using Cu Kal GaAs/AlAs short-period superlattices composing
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the buffer layer next to the substrate. The angular
distance between the first-order satellite peaks -j 3MLtALA

gives the superlattice period of ASL = 5.4 nim. The 27nm G

detailed features of the diffraction pattern very 3ML AIAS
IPLE AiGol.,Asclose to the (400) GaAs reflection are displayed in it

fig. lb. The observed peaks can be attributed to Rh

individual layers only by using a computer simula-
tion based on the dynamical diffraction theory Z
[12]. We indicate the zeroth-order superlattice peak ,
SL, and the peak of the ternary Al.,Ga_xAs ..
layers (x = 0.3). The other peaks are Pendellosung lhhZ
fringes caused by the interference of the X-rays w

I

between epitaxial layers with different lattice u' PL
parameters, i.e. different mole fractions x [12].
The observation of these interference features E
clearly indicates the high structural perfection and
the chemical homogeneity of the entire hetero- 5 1 2 1.5 25

structure. Due to the complicated buffer layer PHOTON ENERGY (eV)
sequence. the three GaAs SQWs cannot be re-solved in the present case. However, extrapolation Fig. 2. Low-temperature PL and PLE spectra taken from 27

nm GaAs SQW. PL excitation is at 1.53500 eV with ? W/cm2.

of the data obtained for the buffer SPS and the Detection for PLE (dotted vertical line) is set at 1.52091 eV.

ternary AI,Ga , As layers gives us the widths of
the three GaAs SQWs to 43.8, 27.3, and 13.8 nm. varying excitation conditions there is no line split-
respectively, and of the Ai, Ga -,As barriers to ting of the PL and of the PLE spectra arising from
30.7 nm as well as the thickness of the thin AlAs any changes of the well width by one monolayer.
smoothing layers at the GaAs/AI Ga, - As inter- The application of the PLE leads to the unam-
faces to be 3 ML. All these values are in good biguous identification of free excitons from large
agreement with the nominal values, areas which are uniform in well width. The inser-

In fig. 2 we show the PL and PLE spectra tion of 3 ML AlAs at both GaAs/A Gaj _,As
obtained from the 27 nm GaAs SQW at 2.1 K. heterointerfaces obviously results in a smoothing
The energy of the exciting laser line is always of the interfaces to better than one monolayer
below the bandgap of the AlGa, - As barriers so over very large lateral regions. On the other hand.
that each GaAs QW is excited directly and ,elec- this ultrathin smoothing layer has only a minor
tively. The energies of the lowest electron to effect on the barrier height of the ternary
heavy-hole (Elhh) and electron to light-hole (Ei1h ) AI,Ga , As (direct gap for x = 0.3) and on the
transitions and the full widths at half maximum lattice strain which might be imposed on GaAs
(FWHM) of the respective EIhh luminescence SQWs confined by thicker AlAs barriers.
transitions are summarized in table 1 for the three
GaAs SQWs of the present study. Inspection of Table I
the spectral features depicted in fig. 2 reveals the Observed well widths Lw (by X-ray diffractioni and lowest-

important results of the present study. First, there energy electron to heavy-hole (Elhh) and electron to lighthole

is no Stokes shift between the Elhh transitions I E,) free-exciton transitions in the three GaAs single quan-
tum wells at 2.1 K: also given is the line-width (FWHM) of the

observed in luminescence and in luminescence ex- F PL transition

citation. Second, to our knowledge the spectral
widths (FWHM) for these single quantum wells Lw (nm) Elhh ('V) FWHM (meV) E,h (eV)

measured directly are narrower than those re- 13.8 1.54361 0.56 1.55335
ported previously [13] and thus constitute the nar- 27.3 1.52173 0.195 1.52446

43.8 1.51702 0.28 1.51801rowest linewidths to date. Third. even under widely
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Characterization of lateral correlation length of interface roughness
in MBE grown GaAs/AlAs quantum wells by mobility measurement

T. Noda, M. Tanaka * and H. Sakaki * *
Institute of Industrial Science, University of Tokyo, 7-22-1 Roppongi, Minato-ku Tokyo 106, Japan

The correlation length (A) of interface roughness in GaAs/AlAs quantum wells (QWs) prepared by molecular beam epitaxy
(MBE) was studied by measuring and analyzing the electron concentration dependences of mobilities. When the bottom AlAs barrier
of QWs is prepared by alternate beam MBE and/or by the use of superlattice buffer beneath the QW. the mobility of
two-dimensional electrons is substantially enhanced. The lateral correlation length A of such samples is found to become as large as
200-300 A. We have found that A of the bottom (GaAs-on-AlAs) interface of the QW is about 70 A when prepared by conventional
MBE.

In a variety of quantum heterostructures, most of 600 'C [5]. Our earlier mobility study has clari-
of the electronic and optical properties are de- fied that A of roughness at the bottom interface is
termined by the interaction of electrons with het- typically 50-70 A [4].
erointerfaces [1]. Hence, the understanding of the We present in the first part of this paper our
atomic structures of interfaces and their controls continuing effort to determine the correlation
is extremely important. Key parameters to char- length by measuring and analyzing the mobility as
acterize interface roughness are the amplitude and a function of electron concentration. In the second
the lateral correlation length. Interfaces of part, we study the possibility of the enhancement
GaAs/AAs quantum wells (QWs) grown by con- of surface migration of adatoms by modification
ventional molecular beam epitaxy (MBE) have a of MBEs. In particular, we evaluate the influence
roughness of monoatomic fluctuation. This results of the periodic reduction of arsenic pressure [6,7],
in the broadening of photoluminescence (PL) referred to as alternate beam MBE or migration
spectra [2.31 and a substantial decrease in mobil- enhanced epitaxy [8] and the use of superlattice
ity, particularly in the case of thin QWs [4]. From (SL) buffer. We show that these modifications are
PL studies in GaAs/AlAs QWs, it is established effective in enhancing A of the bottom interface
that the GaAs surface or AlAs-on-GaAs (top) to 200-300 A or more. In addition, we also dis-
interface can be made atomically flat by growth cuss the dependence of the mobility on in-plane
interruption (GI), whereas the roughness on the crystallographic orientation.
AlAs surface or GaAs-on-AlAs (bottom) interface Samples used are selectively doped GaAs/AlAs
has a short correlation length A (< 100 A) and is QWs with the well width L. ranging from 17
difficult to smooth out at the growth temperature monolayers (ML) to 30 ML. We prepared three

sample groups (I, II, and Ill) on (001) Cr-doped
semi-insulating GaAs at 590-600'C. Groups I

Present address: Department of Electronic Engineering, and II were prepared by growing successively 8000
University of Tokyo. 7-3-1 Hongo, Bunkyo-ku, Tokyo 113, A-thick undoped GaAs, an SL buffer consisting of
Japan.

* Also at Research Center for Advanced Science and Tech- 21 periods of undoped AIAs(14 ML)/GaAs(14

nology, University of Tokyo, 4-6-1 Komaba. Meguro-ku. ML) with GI of 60 s prior to form the top inter-
Tokyo 153. Japan. faces. a 21-ML-thick undoped AlAs spacer, an

0022-0248/91/$03.504' 1991 - Elsevier Science Publishers B.V. (North-Holland)
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undoped GaAs QW with various L., a 21-ML- L6

thick undoped AlAs spacer, a 800-A.-thick Si- M r = const-Al g(A, N ,, T) (when V0 = c).
doped Al0 3Ga 0.7As with a donor density ND of (lb)
7 x 1017 cm - 3 , and finally a 100-A-thick undoped
GaAs capping layer. For group III, the structure is where V0 is the barrier height, and g is a function
the same as for groups I and 11 except that the of A, the electron concentration N,, and the tern-
buffer layers are 5000 A GaAs and 2000 A perature T. Eq. (lb) indicates that the dependence
AliGa0 .As. and N D is I X 10' cm-. of Pr on L A and N, is separable and not

The AlAs layer just below the GaAs well was interlinked. In particular, the N, dependence of pr
prepared by alternate beam MBE for group 1, and is determined primarily by A, and independent of
by conventional MBE for groups II and Il. In -1 as long as T is constant. This is because the
alternate beam MBE. the Al flux corresponding to change of Ar with N, results mainly from the
I ML coverage and the As4 flux for 5 s are Fermi wavelength dependence of the scattering
alternately supplied with no interval. The beam probability.
flux is 1.4 x 1014 cm- 2 s -  for Al and 8 X 1014 We plot 4.2 K mobilities (y) of three sample
cm-2 s ' for As4 . When the As 4 cell shutter is groups. measured as a function of L., in fig. 1.
closed, the beam equivalent pressure of As 4 is Closed circles are the data for group I, the closed
reduced from I x 10 -' to 6 x 10 -7 Torr. or the triangle for group II. and closed squares for group
As 4 beam flux of about 5 X 1013 cm -- s - '. In III. These sets of mobility data are strongly de-
these thin QWs. the roughness at the bottom pendent on L,,. approximately proportional to
interface plays a dominant role in the scattering L. , indicating that the mobilities are dominated
process because the top interface prepared with
GI of 60 s is expected to have a A of more than
1000 A and contributes little to the scattering [51. 105

The reduction of mobility due to possible con-
tamination of growth surfaces during GI is negli-
gibly small since the mobility of selectively doped
single heterostructures with GI of 60 s exceeds 10'
cm-'/V- s at 4.2 K. Typical growth rates in usual E
MBE growth are 0.55. 0.23 and 0.79 Mm/h for
GaAs, AlAs and Al, 3Ga,, 7As. respectively. 10 A250

It has been clarified [4.9] that interface rough- /--
ness (IFR) scattering can be theoretically evaluated

0as long as the roughness is characterized by the
height .A and the lateral correlation length .\ of
the Gaussian fluctuation. Since the fluctuation of
the well width L,, leads to the spatial fluctuation
of the ground level E,,. the potential fluctuation 103
.AV responsible for the scattering is given by 70 20 40 70100 200

f WELL WIDTH Lw(A)

Fig. 1. Calculated and measured mohilities at 4.2 K as a
,V = (E,( L,. V, )/aL,, ) A. function of the %%ell width I. Closed circles are the data for

group I, the closed triangle for group II and closed squares for

Then, the roughness limited mobility (I,) is theo- group Ill. N, of each sample in the unit of 1001 cm : is shown

retically expressed as 14.9]: in the following form ;V,( l. ). For group I: 4.030 ML). 2.(X21
ML). 2.719 ML). 1.6(17 ML). For group I1: 4.2(17 ML). For
group Iii: 4.3(23 ML.), 1.9(21 ML). 3.2(19 ML). 3.117 ML).

- Solid and broken lines are the roughness dominated mobilities

Pr g(A. N,. T). (Ia) calculated for I, = x and I,= 1.2 eV. respectivel. at N, =2 x
011cm -
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by IFR scattering at the bottom interface and all fig. 1, one cannot determine A and A separately
other scattering mechanisms are far less im- only from the L. dependence of I. The best way
portant. Mobilities of group I are higher than to determine A is to study the N., dependence of /
those of group III, indicating that alternate beam because it is determined by A, as indicated in eq.
MBE and/or the use of an SL buffer suppresses (1). As examples, we show by solid lines in fig. 2
IFR scattering to some extent. When Lw = 17 the N, dependence of )Ar for a QW with Lw = 21
ML, ft of group II has an intermediate value, ML for various correlation lengths A. Note that
between those of groups I and II. This suggests the N dependence of yr is primarily determined
that the use of an SL buffer alone enhances the by A, and does not depend on V or A. We also
mobility in thin QWs. For comparison, theoretical show, by a broken line in fig. 2, Pr for a QW with
mobilities (Pr) for T= 0 K and N, = 2 x 10" L,,= 23 ML, V0 = 1.2 eV and A 3.4A. To show
cm 2 are plotted in fig. 1 for the correlation the role of impurity scattering, we plot by a dotted
lengths A of 250 and 70 A; solid lines are for line the mobility for a QW with Lw = 21 ML
1,;, = oc and A = 2.83 A, and broken lines for dominated by ionized donors in AIGaAs.
V , = 1.2 eV and A = 3.7 A. Note that the slope of Now we plot in fig. 2 the measured p at 4.2 K
[L versus L,. at other values of N, is almost the as a function of N, for three samples (a, b-1 and
same as that for N, = 2 x 10" cm - 2 because Pr b-2) of group III. Closed squares are for a QW
has a stronger dependence on L, than on N, (see (sample a) with L,, = 21 ML and N, was changed
fig. 2). Although the data have some spread, prim- by using the persistent photoconductivity (PPC)
arily due to the difference of N, in different sam- effect. The current is along the (1i0) direction.
pies, the L,, dependence of p is close to the Closed and open circles are the mobilities mea-
theoretical prediction. sured for QWs (samples b-I and b-2) with L,, = 23

Although a good agreement can be found in ML and N, was changed by a gate electric field in
a FET configuration. The current directions are
along the (110) direction for sample b-I and along

A=300A (110) for sample b-2.
.05 200A We first discuss u of sample a (shown by closed

squares), which is almost constant when N, < 4 X
ION 10 cm-2 and gradually increases with increase of

10 0o4 N,. This N, dependence of A agrees very well with

a theoretical prediction of IFR scattering only
/ when we assume A = 70 A. To achieve the com-
S0plete fit in the absolute magnitude, we find A = 4.2

V 0 , since V,= 1.2 eV. These values of A and A are
: P 5consistent with our previous results obtained from

the pt-T characteristic [4]. To avoid ambiguities
70A due to the PPC effect. we also examine A of

" Sample a -sample b (closed and open circles). The measured
" Sample b-I [L of this sample is a little more strongly depen-

1 o Sample b-2 dent on N,. By adopting the same process. we find
10I  

1012 that .\ is 100 , for both samples. We find also
Ns (cm-

2
) that A is 3.4 A for (110) channel orientation and

Fig. 2 The N, dependences of mobilities of group Ill. Mea- A = 3.8 A for (110) channel orientation. These
,ured data are plotted by closed squares for a QW (sample a) values are close to those of sample a. The reason
with L. = 21 ML, closed and open circles for QWs (samples for finding a larger value of ,A and a smaller value
h-I and b-2) with L. = 23 ML. Solid. broken and chained of .1 is probably due to small changes in the
lines are the roughness dominated mobilities calculated at 0 K.
Dotted line is the impurity dominated mobility calculated growth condition, such as the As 4 flux or the

at 0 K. substrate temperature. We find from these results
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that the roughness at the bottom interface of (ION) scattering plays some role, particularly at
group III has a typical correlation length A of high N,, the mobility is still mostly affected by
70-100 A and a effective height A of 1-1.5 ML. IFR scattering. This indicates that a steep y-N,

Next, we study whether or not A is enhanced characteristic of samples c, d-1 and d-2 originates
by alternate beam MBE and/or the use of SL from the interface with A larger than that of
buffer. Mobilities of three samples (c, d-1 and d-2) group III. By analyzing the data, A is estimated to
of group I are plotted in fig. 3. Closed circles are be 200 A or longer. Note that the N, dependence
measured IL for a QW (sample c) with L. = 21 of [L is no longer sensitive to A when A exceeds
ML with current flowing along (110) direction. 200 A and the exact determination of A gets
Closed and open squares are measured p for QWs difficult. Hence, one may conclude that A is 250-
(samples d-1 and d-2) with L. = 21 ML with 300 A if we assume A = 4.2 A (broken lines), and
current flowing along (110) for sample d-1 and A is about 200 A if A = 2.83 A (chained lines). A
(110) for sample d-2. In samples d-1 and d-2, not similar conclusion is obtained for group I with
only the bottom AlAs but also the central GaAs L, = 19 ML. This implies that .1 of bottom inter-
well layer is prepared by alternate beam MBE. faces prepared by modified MBE with alternate
However. the main feature of bottom interfaces is supply of beams and SL buffer becomes about
the same as sample c because the top interface three times larger than those prepared by the
contributes little to the scattering process. Note in usual MBE. Further study is necessary to clarify
these samples (c, d-I and d-2) that pA is strongly which of the two modifications has a major contri-
dependent on N,, suggesting that the nature of bution.
bottom interfaces has changed as compared with In conclusion, we have determined the correla-
those of group III. Although the ionized impurity tion length A of roughness at the bottom interface

by measuring and analyzing the p-N, characteris-
tics. It is shown that A of the bottom interface is
short (70-100 A when prepared with conventional
MBE but A can be enhanced to 200-300 A by the

A--300 A 200, use of alternate beam MBE and/or SL buffer
02/0A-layer. In addition, we have clarified the depen-

, / dence of the mobility on intraplane orientation.
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Re-examination of the formation mechanism of CuPt-type natural
superlattices in alloy semiconductors

rohru Suzuki and Akiko Gomvo
E)pt -. 'ea romi' Re earch lahoratotes. NE( Corporation, 4-1-1. Mivazaki. Mivaniae-ku. Kawasaki-yh. Aanagaha 213. Japan

The previousl% proposed natural superlattice (NSL) formation mechanism is experimentally re-examined by using Ga, Jn,, P

grown on 01 ) vitual (6' off towards the 1101 direction) GaAs substrate by metalorganic vapor phase epitax, {MOVPE). Based

mainlk on the experimental results: non-existence of the (I 1013 micro-facets at the growing interface and extremelk large (several

hundred A) single NSL domain sizes compared with the average terrace width ( - 27 A). a new NSL formation (step-terrace-recon-
struction (STRO) mechanism is presented. The mechanism assumes i reconstruction of tile steps and terraces at the column V atom

stabilized %icinal (001) surface, on which parity of the number of the column Ill atoms for each terrace is even.

1. Introduction anti-phase-boundary (APB): here. " terrace-parit'"
[8] means the parity of the number of the column-

Natural superlattices (NSLs). spontaneous I11-atom lines on the (001) terrace between the
structural ordering on a sublattice. are now widely nearest two steps.
observed in III-V alloy semiconductors grown by
various growth methods: molecular beam epitaxy
(MBE). metalorganic vapor phase epitaxy
(MOVPI) and chloride transport vapor phase epi- 2. Experimental

tax% [1 19]. Among them. MOVPE grown Al-
GalnP. especially its end ternary GaInP shows Crystal growths of GaInP and GaAs for this
CuPt type NSL and has been a most intensively study were carred ,!it bv low-pressure (70 Torr)
studied material [4-10.12-16,20j. The AIGalnP is MOVPE. The grou h details were described previ-
used as a key material system for 600 nm band ously [12].
visible laser dies and has been foutd to show a Sample .'N1 has a stru.".,e of GaAs/Ga,,
correlation between the band-gap energy (thus. InoP/GaAs (buffer layer). The thickness of the
lasing wavelength) and the degree of ordering [5]. GalnP layer was 0.14 jim. These three lasers were
These facts have enhanced studies on understand- grown on a (001)(a substrate with a misoricai-
ing and control of the ordering [8] and on its tation of 6 ° off towards [!10]. The growth temper-
effects on the electronic properties [21]. ature was 660'C. The growth for GalnP was

Previously we proposed a formation mecha- under a V/ II ratio of 140 with a PH, flow rate of
nism for the CuPt-type NSL [8]. The proposition 150 SCCM. The Ga,,ln15 P layer is lattice-
included several postulates. This paper experimen- matched to the GaAs substrate. A V/Ill ratio of
:all,, examines their validity. Based on the experi- 54.7 was used for the GaAs growth with an AsH,
mental results, a new formation mechanism is flow rate of 500 SCCM. Triethylgallium and tri-
presented. which will also be applicable for MBE methylgallium were used for GaInP and GaAs
grown crystals. The issues to be studied in the growth, respectively.
present work include: (I ) do (11l )B microfacets Samples for cross-section transmission electron
on a growing surface really exist and (2) does microscopy (TEM) studies v.cre prepared by the
terrace-parity mismatch introduce a disorder. e.g. same method described previously [9].

1XI22-41248 91, $03 50 tq19 t sls, ier Science Publishers BV. (North-Holland)
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3. Results and discussion GaAs structure grown on (001) GaAs substrate
with a misorientation of 6' off towards 1110] were

3.1. Examination of step heights observed by TEM. In the GaInP layer there can
be seen significant NSL formation with only one

A previous paper [5] described that [110] steps, variant: (0 1 D, as reported already in ref. [9]. Fig.
whose edge lines are in the [110] direction, are 1 shows the TEM images for the two interfaces;
playing an essential role in the NSL formation, (a) GaAs/GaInP (upper interface) and (b)
and furthermore that [110] step arrays descending GalnP/GaAs (lower interface). The interfaces
towards [1101 are responsible for the ("I4) NSL show misorientations from (001) towards [110]
formation. Based on this fact, we asserted that the with angles of, on average, 50 to 60, which are
steps are acting as "phase-lockers" [8]. In order to close to the nominal angle of 60. Grazing angle
explain the phase-locking action at the steps, we examination of these photographs enables us to
postulated that the step edges may form (Ill)B more easily observe the structures at the inter-
micro-facets and preferential Ga-sticking may oc- faces.
cur on the micro-facets. It is seen that both interfaces do not appear to

In order to examine whether or not the pos- include (lll)B micro-facets, i.e. steps equal to
tulated (I11)B micro-facets exist, the interfaces of or higher than two molecular-layer (ML) height
the sample #NI consisting of the GaAs/GaInP/ with (lll)B surface, but show one-ML-height

a

Gaa

Ga~nP

AsI

b

Fig- 1. [1101 pole lattice images for the two interface regions of a GaAs-on-GatnP-on-GaAs grown on a (001) GaAs substrate with a
misorientation of 6' off towards 11101 direction: (a) GaAs-on-GainP interface and (b) GalnP-on-GaAs. Shown on the left is the [110]
direction. Average inclination angles of 5" to 60 of the interfaces from the (0011 axis are visible. Dashed lines at both sides of these
photographs show the interface edges. ( 11 )B micro-facets, whose heights are equal to or larger than two-ML-height. are scarcely seen
at the steps. Instead. one-ML-high steps are observed for both interfaces. Grazing angle observation of the photographs makes

inspection of the interface structures easier.
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(- 2.8 A) steps. This was consistently observed in tively. The average interface angle is approxi-
other similar samples. The fact that the upper mately 60. The calculated average terrace width
interface also does not appear to include (111)B which corresponds to 6' is 27 A. The particular
micro-facets and show one-ML-height steps, ex- terrace width shown in figs. 2a and 2b is 26 A.
cludes the following possibility: GaInP growth In relation to (ll)B micro-facets, it will be
starts on the GaAs (001) surface with one-ML- appropriate to mention here the following. The
height steps and when growth proceeds, (lll)B previous paper [8] assumed that GalnP growth at
micro-facets with step heights higher than or equal the steps proceeds in the direction perpendicular
to two-ML might levelop; if this were the case, to [111]. It will be, however, natural to assume
the upper interface would show (11 1)B micro- that steps move towards the [110] direction during
facets. This means that during the GalnP growth the growth, considering the recent observations
the successive (001) GaInP surface exhibits only [23].
one-ML-height steps, because the upper interface
structure may represent a general feature of the 3.2. Size of a single NSL domain
growth-surface structure during the GaInP growth.
Our present observations reveal that the GaAs Fig. 3 shows a dar, field TEM image for an
and GaInP (001) vicinal surfaces also exhibit one- interface region between GaInP and GaAs. NSL
ML-height steps. Figs. 2a and 2b diagrammati- formation appears to occur almost from the inter-
cally illustrate the structures with one-ML-height face. We notice that coherent single domains as
steps at the upper and lower interfaces, respec- large as 400 A are formed with almost no defects.

(a) GaAs on GaInP interface

e* . 0t *t *t *. *I *@ -@ "@ " "' "@"-@" @ "@ @ "'GROWTH

0 0 0*46
0) o 0an 0 0 0 0i ne,

g A '0" %*0
0 6 AO o 4A

(b) GalnP on GaAs interface

* 0 *A, b

0 0 0 -A '0

go 000

6" a

Ga In P As [ l
.. riloJ

Fig. 2. Diagrammatic drawings of atomic structures for the two interfaces shown in figs. la and lb. One NIL step height is about
2.8 A
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These large single domains have also been ob- large (several hundred A) single NSL domains
served consistently for other crystals grown under compared with the average terrace length (- 27
the similar conditions, usin a substrate with the A), as is visible in fig. 3. This raises the question
same orientation. The 400 A domain size is quite how the NSL is formed in such a coherent manner
large compared with the 27 A average terrace without generating lattice defects, e.g. APBs. This
width for a 6' off-angle substrate. This means question includes how each one-ML-height step
that a single domain contains over 15 steps on acts as a phase-locker.
average. In the (110) cross-section view, the central
two terraces shown in fig. 2(b) accommodate col- 3.3. Step-terrace-reconstruction (STR) model
umn II atoms with 6 and 8 atom sites: thus only
3 and 4 period NSLs can stem from each of the The question raised in the last part of the
terraces, as shown in the figure. previous section may be answered if each terrace-

At first it seemed [8] that step terraces may parity is all even and if some additional assump-
have randomly both even and odd "terrace- tions are made. Each of the two terraces in the
parity", which has been defined in section 1. If center position of fig. 2b has been drawn to have 6
every step acts as a "phase-locker" for the alter- and 8 atom sites for column III atoms; both
nate arrangement of Ga-line and In-line. the ter- terraces have even terrace parity. With Ga atoms
races with odd terrace-parity, which will occur at at the step corner, no atom arrangement mismatch
509 probability, may give rise to lattice defects has been generated. The even nature of terrace-
such as anti-phase boundaries (APBs). Thus the parity, if it is the case. may result from reconstruc-
defects would be observed, on average, for every 6 tion of the terraced (001) surface. Scanning tun-
periods of NSL in GalnP grown on a 6' off angle neling microscopy (STM) has directly demon-
substrate. because each step includes a 3 period strated that As stabilized (001) surface of MBE
NSL. on average, as mentioned in the last section. grown GaAs is reconstructed to form As dimers
However, we have failed to see such a large num- [24]. A similar surface reconstruction is expected
ber of lattice defects. We rather observe quite also for P-stabilized GaInP (001) surface.

Fig. 3. 11101 pole dark-field TEM image for GalnP-on-GaAs interface shown in fig. lb. Dense line array in GalnP layer corresponds
to NSL. Spacing is 6.5 A. Interface is inclined about 6* from (001) towards [110. The average terrace width corresponds to about
three periods of natural superlattice (NSLs) in the horizontal direction. Note the very large coherence length (several hundred A) for
NSL instead of the short terrace width ( - 27A). Also note that the NSL appears to stem almost from the interface. A photograph

obtained from the same negative film with a lower light exposure time has more clearly showed the structure at the interface.
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Figs. 4a-4c show some of the possible recon- dimer or not. the reconstructed terraced surfaces
stracted As (or P for GaInP case) stabilized (001) are referred to as Even-Il and Even-I. respectively.
surfaces with terraces, where terraces are assumed We tentatively assume that the Even-I type is the
to be reconstructed to have column V atom di- most stable reconstucted surface. We refer to this
mers. Fig. 4a illustrates terraces with even parity model as step- terrace-reconst ruction (STR) model.

SI-S6. tl-tK...) Here we define "terrace Let Ga In 1 P growth begin with an As-stabi-
width" as the number of the group III atoms on a lized terraced (001) surface. Here. however, we
terrace ii' the projected (110) plane. For example. start to examine the growth process after the com-
terraces s and t in fig. 4a are drawn to have terrace pletion of the growth of the first ML (molecular-
widths of nt = 6 and 8. Terrace widths for (001) layer) GalnP. Thus, this time, in fig. 4a, we regard
GaAs Aith a 6' off-angle may distribute like double circles at the outermost "monolayer"
2. 4. 6. 8. 10..with even par-ity around an aver- surfaces as phosphorus (P) atoms, and imagine
age of 6. We assume that each step edge. e.g. s,,-t, that beneath them there is one column-Ill-atom-
and t,-u,. shows a specific reconstruction as in monolaver Ga(,,n, .n, where both Ga and In are
fig. 4a or fig. 4b. Depending on whether t, forms a expressed as closed circles. Underneath this one-

(a) Even -I

V SI S2 S3 S4 S5 S6
0 0 0 0 0tI t_2 t3 t4 t5 to t7 t8

(b) Even-I11

0 0 0,Sr S2 S3 S4 S5 S6

* * * * * 4 0 0 0 4 ti t2 t3 t4 t5 to t7 to

00 0 0 0 0 0l 0 U2

(c) Odde

* * * S1 S2 S3 So S5 So S?
@ 0 0 0@ @ 00

*~~ I t 2 * * * t 3 U4 to5

11100* 0 0 0 0* 4 S

I ig. 4 14wnd. tick io dels f. ir re.. nit ruc red suirfaices fior teiraied O Mr~ Ill ' enuco nduo..trs . osed c.irc.le, stanid for cilounin ill
alu ris and dubtle curcle's ltand fo r co lumn .ito, sin ti figure The curo ed Ii lie.ind iincu 'ii nected line on one end inean .i di flier
and .a dangling huind, respectisekl'u i ~'rpes it rec'nstrucrii'ns are sh,,%kn in .0 mnd (h) The difference lies at the step edge,, Blh
cases are for esen "terra..e paritY. An xdd terrace parit\ caosc is,' um in (ci. .Another odd terrace pant\ cawe i, obtained hN

repliirig daning h. rids and di incrs h'. each ot her fo r (c),
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ML GaInP. a GaAs substrate exists, which is also atoms, because the previous Ga sticking and re-
represented as closed circles (Ga) and double sultant Ga-As bond does not seem to introduce
circles (As). As for the first one-ML GaInP growth, extra strain energy. This is simply because the
we will mention it later. substrate is GaAs itself. Thus the first ML GaInP

On the P-stabilized terraced surface (see fig. may be a disordered layer: from the second GalnP
4a), growth may begin from each step edge, layer the NSL formation will begin.
s , t, u1. --- . If the following requirements are The stress-minimum principle assumed in (R2)
satisfied, a growth of a large scale single domain seems also necessary if we remember that AIGaAs
NSL, will be automatically assured; has not been reported to show CuPt type NSL Ill.
(R1): Preferential sticking of either of column III in spite of the large bonding energy difference
atoms (Ga or In) to the step edges occurs, between Al-As and Ga-As. [8]. Though the large
(R2): Alternate arrangement of Ga and In lines is bonding energy difference may cause preferential
preferred. sticking of Al atoms at the step edges, the require-
(R3): Every terrace width has even terrace parity. ment (R2) is not satisfied due to the fact that

The first requirement (RI) may be satisfied, bond lengths are virtually equal: b(AIAs) -
considering that Ga has a larger Ga-P bonding b(GaAs).
energy compared with that for In-P (see ref. [8]). The growth condition (growth temperature.
The requirement (R2) will be satisfied if we re- V/Ill ratio [20]) dependence of NSL formation
member the "stress minimum principle", pro- [5,6] and in turn band-gap energy [4.20] may be
posed previously [8]. Each Ga which has sticked at interpreted in terms of growth condition depen-
the sites s1. tI. uII... form two Ga-P bonds be- dence of both surface reconstruction and atom
tween one Ga atom and two P atoms at the mobility at growing surfaces.
surface. Because the order of the bond lengths (b)
is h(ln-P) > b(Ga-As) > h(Ga-P). after the Ga
sticking. the distance between the two P atoms
ma, become less than d, (4 A). which is the
distance between two corresponding As atoms in
hulk GaAs crystal. After the Ga sticking at the 4. Conclusion
step edge sites s,. t. u,.- .. the sites s,. t. u,.
... "ill be preferred by In atoms, in order to
minimize the strain energy. The In sticking at Based mainly on the experimental results for
these sites tends to compensate the strain which GalnP on a (001) vicinal (60 towards [110])
was introduced by the previous Ga sticking. The surface: (1) non-existence of (111)B micro-facets
requirement (R3) is supported by the present at the interface between GaAs substrate and
step-terrace-reconstruction (STR) model. An ex- GalnP epi-layer and at the growing surface and
ample of the grown NSL is shown in fig. 2b. in (2) extremely large ( - 400 A) sizes of single natu-
which the first one ML beneath the dotted line ral superlattice domains compared with the aver-
should be understood as one disordered GalnP age terrace width (six column Ill atom: - 27 A).
layer. as mentioned above, a new NSL formation mechanism (step-terrace-re-

Here we will discuss the growth of the first construction (STR) model) was presented. in which
one-ML layer GalnP just on the GaAs substrate. reconstruction of a column V atom stabilized (001)
For this discussion, we use fig. 4a to represent surface with oae-ML-high terraces is assumed to
GaAs substrate: all closed circles and double give even parity for the numbers of column Ill
circles are Ga and As atoms. respectively. Sites atoms on (001) terraces. This STR model auto-
s. t1. u,. • .,will be occupied by Ga atoms for the matically assures a large single domain NSL for-
same reason as for the P-stabilized surface. This mation. The stress minimum principle and the
time. however, the next sites s. t,. u .. , have preferential Ga sticking at step edges are also
no apparent reason to preferentially accept In assumed.
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MBE growth of tilted superlattices: advances and novel structures

P.M. Petroff '. M.S. Miller '. Y.T. Lu b S.A. Chalmers a H. Metiu , H. Kroemer a

and A.C. Gossard a

t nirersitvoit California. Santa Barbara. CaliJornia 93106. LSA

The sicmal surface ordering required for the TSL deposition has been studied as a function of temperature and composition for
(ia Atl , As. (aSh and AISb surfaces. The interface sharpness observed during the Al-Cia co-deposition and self-organization on a
vicinal surface has been modeled using a stochastic kinetics method. The modeling reproduces well the observations. To avoid critical
effects of the tilt parameter variations, a novel structure, the serpentine superlattice, has been proposed. This structure has a "build
in" to-dimensional confinement and yields uniform luminescence properties over large wafer areas. Finally, the TS[. concept has
been demonstrated for a novel sostem, the (;aSh-AISh system.

I. Introduction ing the tilt parameter p. The TSL period is given

Conceptually. the tilted superlattices (TSLs) are
extremely attractive as a structure for introducing
new degrees of freedom in tailoring the band gap T = p I

in compounds semiconductors. For example, the [tana (1 - p).
direct growth of quantum wire superlattices or

corrugated interfaces with a band gap modulation
parallel to an heterostructure interface have been 1_ fraction of monolaers for the two semicon-
demonstrated [1.2]. An added attraction is that the d
structures have been demonstrated for both MBE ductors are n and n and the tilt parateter is[3] nd OCV [4]depsitonp = rn + n. The step height d for GaAs is 2.83 A.
[3] and MOCVD [41 deposition. A small change in p or a will induce large varia-

The TSL is fabricated by alternate deposition inintepro adhncinheofnd
of fractional monolavers of two III -V compounds ttons in the period and hence in the confined
on a vicinaly oriented substrate. First demon- states energies. Hence the need for an accuratecontrol of these parameters.
.strated for the GaAs-AIGaAs system. TSL struc-
tures have have recently been demonstrated for tion are:
the GaSb-AI(iaAs system [5]. The method allows

(a) the requirement of a periodic step array over
furat shoserientaisfunctionanlad of the Ltil the entire substrate, during the TSL deposition assu b stra te m iso rie n ta tio n a n g le a n d (f th e T S L tilt% el a s t e d p i io of h e b f r l v r a n t e'~it repec to he errces orml. he ell as the deposition of the buffer layer and the{ angle,. %kith respect to the terraces normal. Theangle ria m r - cladding layers required for the fabrication of a
TSL periodicit for a given substrate misorienta-

aquantum wire superlattice:tion angle a can be continuousl tuned by chang- (h) the requirements of a uniform tilt angle of the
TSI. over the entire wafer:
(c) the necessity of maintaining sharp interfaces

I)epartmeni o~f lngineerrng Matertals and tepartment o between the quantum wells and the cladding layers.
( omputer and Electrical :ngineering. We examine subsequently the recent progress
(beniir, Department made in solving these 3 problems.

MXi22-0249 q1103 50) ' 1991 Isevier science Publisher, B.V. (North-Holland)
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2. Step ordering on a vicinal semiconductor surface 700u
a

The vicinal surface as delivered by the manu- . 0
facturer has a mean misorientation a, which does
not correspond to the presence of a periodic step 600'a
array on the surface. A Gaussian distribution of
terraces with a mean dimension L = d/(tan a) is ._

present on the surface. Fortunately, for the GaAs
[6] and the AlAs [7], and GaSb [5] {100} sub- I .. - . .

strates. nature provides us with a self-correcting E 500"

process which allows us to obtain a periodic step X
lattice out of a gaussian distribution of steps
around a mean misorientation a. If a potential
barrier to atomic motion prevents atoms from 400
going down from one terrace to the other before 0 25 50 75 100
they are incorporated at the step as part of the TSL composition (%AlAs)
growing layer, an equalization of the terrace length Fig. 1. Phase diagram of TSL growth surface morphology as a

takes place providing that a layer growth regime is function of substrate temperature and AlAs composition ob-

established. This effect was demonstrated analyti- tained from the RHEED data analysis. MEE deposition. (0)

cally and by Monte Carlo simulations [8]. The Data points represent smooth growth. Lightly shaded area

existence of a potential barrier to atom motion represent regions where growth is mostly smooth but apprecia-
ble island nucleation is taking place on the terraces. Heavilyfrom one terrace to the other is found to be sae rarpeet og rwh[1

necessary to the self-correcting process. The origin

of this potential barrier is not clear, however one
might speculate that the bond breaking mecha- perimentally as a function of x and T. As shown
nism is more difficult if hybridized bonds are in fig. I for a As/Ga flux ratio of 6, there is not a
formed at step edges and more bond have to be unique deposition temperature that will preserve
broken when an atoms jump from one terrace to steps for both GaAs and AlAs surfaces during
another. Intuitively, the short terrace will grow MEE deposition of a TSL. However, a GaAs-
laterally faster than the larger adjacent one since Al Ga, -, As TSL can be grown while preserving a
the number of atoms impinging on the long ter- good step structure at a temperature T> 600 C
race is larger. for x < 0.5.

The preparation of the vicinal surface is done The preservation of a step lattice at lower tem-
by observing during growth of the buffer layer, the peratures T < 500 o C for x > 0.75 is not presently
double peak structure of the specular beam in the understood. The optimal growth temperature for
RHEED pattern when the incident electron beam the (Alu.,GaosAs),-(GaAs), TSL is around
is orthogonal to the step edges [6.7]. The full width 600'C for MEE deposition.
at half maximum is directly correlated to the step
periodicity and the distance between these peaks
is related to the vicinal surface misorientation. 3. Tilt angle uniformity issue
The proper conditions [7] for producing a periodic
array of steps will depend on the surface compo- The rapid variation of the tilt angle with the tilt
sition, the growth temperature T and whether parameter has serious consequences on the uni-
growth is taken place in the molecular beam epi- formity of the TSL characteristics grown on a
taxy (MBE) or the migration enhanced epitaxy wafer scale. As seen in fig. 2, small (1% or 2%)
(MEE) mode. variations of the flux incident on the wafer will

For the AIGa t ,As system grown in the MEE induce large changes (20o-30 ' ) in the TSL orien-
mode, a phase diagram has been established ex- tation. This type of variations is expected even
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with wafer rotation during growth. Fig. 2a shows
for a 20 vicinal surface the computed variations
of the tilt angle with the tilt parameter.

A solution to this problem has recently been
proposed [9]. It involves insuring that everywhere SSL
on the wafer, there will be a region of material 0
with the proper periodicity. This is obtained by /
growing a so-called "serpentine superlattice" Z
(SSL).

For example, by imposing a linear time depen- E
dence of the tilt parameter p between A and B

0
C-.

90 "

B7150 7290 7430 7570 7

WAVELENGTH ( ,1

v60 Fig. 3. PL spectrum of a "C'" shaped serpentine superlattice
Udeposited on a 2' vicinal surface. With the polarizer P set at
tU 90' the electric vector is perpendicular to the wires. The wires
O are running vertically in the sample and are excited end on [9].
Z
-30
F- (heavy line, fig. 2a) during the growth of the SSL,

a one can insure that there will always be on the

0. wafer a region for which p = 1. A schematic of the
0.7 0 1 1.1 1.3 1.5 resulting SSL is shown in fig. 2b. This type of

P superlattice structure warrants that a uniform

quantum wire superlattice is formed everywhere
on the wafer. Two-dimensional carrier confine-
ment is "built in" the regions of the SSL with the
smallest radius of curvature [9]. A three-dimen-
sional QWW superlattice is formed by continu-
ously varying the p value alternatively between 2
values which span the p = I value. The resulting
SSL has an S shape. By changing the p depen-
dence with time during growth, the curvature of
the SSL quantum well can be varied at will.

Because of the variable width in the SSL's
quantum wells, the SSL yields a quantum-wire-like
confinement in the region of largest curvature.
The photoluminescence spectrum of a "C" shaped
serpentine superlattice deposited on a 20 vicinal
substrate is shown in fig. 3. The main peak is

Fig. 2. (a) TSL tilt angle versus tilt parameter for a 20 vicinal attributed to recombination in parts of the SSL
surface. (b) A "C" shaped serpentine tilted superlattice sche- which are essentially a random alloy and shows no
matic. The GaAs regions are shown as clear regions while the polarization dependence when a polarized filter is
shaded regions represent the AIGaAs. The curvature of the
GaAs quantum wells is determined by continvously varying p placed in between the sample and the monochro-
with time from a value smaller than I to a value larger than 1. mater. The shoulder, which shows a pronounced



P.M. Petroff et al. / MBE growth of tilted superlattices 363

polarization dependence, is tentatively assigned to growth, the Al and Ga are randomly deposited
recombination from a quantum wire state. The PL onto a 30 X 40 square lattice plane according to
intensity is at a maximum, in the curve labeled the rate of deposition. The migration of atoms on
900 , when the polarizer passes light perpendicular the surface takes place through a succession of
to the quantum wire. A weak polarization depen- uncorrelated jumps, each jump taking the atom
dence can also be seen in the background at lower from its lattice site to one of the nearest neighbor
energies. These polarization effects have been seen sites. The jump rate depends on the temperature,
on 1* and 2* substrates, but are much weaker or the jump direction, and the neighboring configura-
absent on 0.50 and 4' substrates. A fuller inter- tion. The jump frequency is determined by the
pretation of these spectra is still being developed, largest jumping rate (e.g. Ga in a most favorable

neighbor configuration) which is normalized to
have probability of success I in each attempting
jump, and the probability of jump for Al or Ga in

4. The interface sharpness in the TSL structures other configurations will have jumping probability
less than I in each attempt. The jump frequency is

One of the more serious issues remaining in the typically a thousand times the atom deposition
TSL or SSL structures is that of interface sharp- frequency.
ness. Transmission electron microscopy experi- The modeling is based on the following physi-
ments [10] have indicated that the interface rough- cal considerations:
ness of 4 to 5 monolayers is usually present in the (1) The migration energy of a diffusing atom. Em
TSL. The interface sharpness is controlled by the is taken as: E. = E, + Ei . E, and E, are respec-
diffusion kinetics of atoms at the surface and by tively the atom interaction energy with the sub-
the equilibrium shape of steps during growth. The strate and with the neighboring surface adatoms.
presence of kinks at the step edges, which is Indeed both these energies are direction depen-
required to ensure a layer growth regime, is one of dent. However, the modeling results appear to be
the essential components affecting interface sharp- weakly dependent on the directional dependence
ness. Since there are no experimental data on this of E,.
problem, a modeling approach has been adopted. (2) The Ga migrates about 3 times faster than the

An attempt at understanding the partitioning Al at 600 0 C.
of Al and Ga at the surface is achieved by using a (3) The group III atoms have a pair of dangling
stochastic kinetics simulation method [11] aimed bonds pointing along the fast diffusion direction.
at reproducing the Al-Ga segregation which has [1101, therefore two atoms lined in the fast diffu-
been recently observed [12] during MEE growth of sion direction will have stronger interaction than
the coherent tilted superlattice (CTSL). with those in the orthogonal direction. We use a

The CTSL is realized through the self-organiza- Morse potential for taking into account the inter-
tion and phase segregation which take place when actions between atoms. We have reduced the
Al and Ga atoms are co-deposited on a vicinal strength of the atom-atom interactions along the
surface with a 2' misorientation. The self-organi- slow-diffusion direction, [110], by a factor (aniso-
zation and phase segregation are detected by de- tropicity) varying from 0 to I to study the effect of
positing sequentially Al-Ga and As. If the amount anisotropic interactions. The strength of the ani-
of co-deposited Al and Ga is equal to a monolayer sotropy factor is atom position dependent and
and if an appreciable phase separation takes place, takes into account the distance of the first and
a CTSL will be formed. The CTSL has been second nearest neighbors.
detected by transmission electron microscopy (4) The AI-Al interaction is stronger than the
(TEM) and the Al has been shown to prefer- Ga-Ga, or Al-Ga interactions. The dissociation
entially segregate at the step edges when these are energies in the Morse potential are 0.18, 0.09, 0.04
parallel to [110]. eV for Al-Al, Ga-Ga, Al-Ga, respectively. The

In the numerical simulation of the CTSL contributions from both the nearest neighbors and
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temperature reduces the mobility of Al. (2) At
lower temperature the islands of Ga become more
rigid: this prevents Al penetration through the Ga
in the later stage of deposition.

The failure of growing TSL on a B face vicinal
surface is also understood from the simulation.
Different geometrical structure at the B face may
result the weaker step attraction. However, we
found that this is not the essential factor. Since
both Ga and Al have a propensity to grow as
strips along the slow diffusion direction. [110]. the

a b simulation with the B face results in Al and Ga
Fig. 4. Surface image of the Al-Ga (ratio of Al to Ga atoms is forming bands in the direction perpendicular to
0.33) deposition on a 1.50 vicinal surface. Full circles denote the step (this is still true even if the B face step
Al atoms and open ones the Ga atoms. (a) After complete attracts atoms as strongly as the A face step).
deposition of a monolayer (1200 atoms are deposited) at the
optimal temperature (T=600'C). b After complete deposi-
tion of a monolaer at lower temperature (475 C). The 11101

step edge is located on the left side of each figure [I 1. 5. Extension of the TSL concept to other systems

In principle the TSL growth concept should be
next nearest neighbors are taken into account in applicable to other systems providing a vicinal
the calculation of the hopping energy barrier, surface with monolayer height steps can be formed
(5) The step provides an extra attractive potential and preserved during growth. The step-flow growth
to both the Ga and Al when they arrive at step mode should also be established to grow these
sites. This results in a larger barrier for them when systems. Recently, the TSL concept has been tested
leaving the step. We use 0.135 eV as the extra step successfully on the GaSb-AISb system [5]. The
attraction energy for both Ga and Al. GaSb-AISb TSL was grown either on GaAs or

The simulations using this model with aniso- GaSb {100} vicinal surfaces. The growth was car-
tropicity factors for E, of 0 and 0.5 (with atoms ried out by MBE and MEE in the temperature
perpendicular to the moving atom) reproduce well range 490-510'C.
the observed self-organization and phase segrega- The effects of the strain on the interface sharp-
tion. Fig. 4a shows the result of Ga, 7 Al01 deposi- ness appear to be minimal. Thus we expect that
tion at 600 o C. Most of the al are able to penetrate TSL can be produced in a large number of hetero-
through the Ga layer and reach the step. The structure systems irrespective of the strain.
successful segregation is due to factors like: the
lower deposition rate, the high temperature and
the weak Ga-Ga interaction. The first two factors 6. Conclusions
allow the Al enough time and mobility for
reaching the step. and the third factor allows the The vicinal surface ordering needed during the
Al to penetrate the Ga islands in the later stage of TSL deposition has been studied as a function of
deposition. The simulation is also able to repro- temperature and composition for GaAlt , As,
duce qualitatively the narrow temperature window GaSb and AISb surfaces. The interface sharpness
which was observed in the experiment. Fig. 4b observed during the Al-Ga co-deposition and
shows a simulation at 475 ° C. Some of the Al fails self-organization on a vicinal surface has been
to segregate to the step and form a second band modeled using a stochastic kinetics method. This
on the terrace (the position of this band with type of modeling should lead to establishing con-
respect to the step edge is located randomly). ditions for the deposition of better TSLs. To avoid
There are two reasons for this failure: (1) Lower critical effects of the tilt parameter variations a
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Fabrication of quasi-three-dimensional electron systems
and superlattices in wide parabolic wells

M. Santos, J. Jo, M. Shayegan
Department of Electrical Engineering. Princeton University, Princeton. New Jersey 08544, USA

and

A.-M. Lanzillotto
Da id Sarnoff Research Center, Princeton. New Jersey 08543. USA

We report the realization of quasi-three-dimensional electron systems in selectively-doped wide parabolic quantum wells, focusing
on a novel superlattice which contains a high-mobility ( = 1.1 x 105 cm2/V s at 4 K) degenerate electron system. This molecular beam
epitaxy grown structure is a wide undoped AI ,Gal - ,As well bounded by undoped (spacer) and doped layers of Al ,Gal , As( v .x)
on both sides. The alloy composition in the well is graded in a way that results in a parabolic potential with a sinusoidal modulation
superimposed on it. Once transferred into this well. the electrons screen the parabolic potential and an electron system with a
modulated charge dcn.sity profile is obtained. We present self-consistent quantum mechanical calculations of thc electronic system
and our characterization of the structure by secondary ion mass spectrometry and magnetotransport measurements.

Selectively-doped semiconductor structures that As expected, the charge distribution in the central
exhibit three dimensional behavior [1-3] attract part of the well is nearly uniform. Small oscilla-
current attention in part because they provide tions in the charge density exist because only a
nearly ideal systems for the possible observation
of a variety of predicted collective phenomenon 250 .5

[4]. In these systems electrons are confined in wide n,=2.5xlOtt cm-2

AGa ,As quantum wells with quadratically
graded Al composition which, when empty, leads
to a quadratic dependence of the conduction band -'
edge on the distance from the well center. As a . h .

consequence of the self-consistent electrostatic .
potential, the electrons in the parabolic well screen . a c 1
the quadratic potential and a system of nearly xy,

uniformly distributed electrons in a flat potential / " 
.. i

is obtained. 0 .- ' ._.. , 0
To demonstrate the electronic structure of such -1000 0 1000

systems, fig. I shows calculations of the charge z(,\
distribution and the potential in a typical para-
bolic well. These calculations were done by self- Fig. 1. Self-consistent calculations of the conduction band edge
consistently solving the Poisson and Schrrdinger (curve b and the charge density profile (curve c) are shown for

a typical parabolic well. The conduction band edge for the

equations while taking the exchange correlation empty well is indicated by curve a. These calculations were

into account via the local-density approximation. done for a total electron areal density n, = 2.5 X 10l cm .

0022-0248/91/S03.50 , 1991 - Elsevier Science Publishers B.V. (North-Holland)
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(a) riers in such a structure are doped. The ionized
.dopant atoms are therefore in close proximity to

the electrons, encouraging substantial disorder and
scattering of electrons by ionized impurities. This
results in a system with low electron mobility,

Ib) typically less than -m/ s at 4 K [6]. Fig. 2b
schematically shows Ec of our proposed structure
in the absence of any space charge. Note that the
dopant atoms on both sides are placed outside the
well, separated from the well by undoped (spacer)

AlyGa.I yAs (y > x) layers. Once transferred into
the well, the electrons screen the parabolic poten-

(c) tial and an electron system with a modulated
charge density profile is expected (fig. 2c).

The structure was grown by molecular beam
epitaxy on an undoped (100) GaAs substrate. The

Fig. 2. The idea behind using a parabolic well with a periodic

modulation to fabricate a high-quality superlattice is schemati- Al concentration, x, of a 3000 A wide Al Ga _,As

cally presented. Solid, dash-dotted, and dotted curves represent well was quadratically varied between x = 0.04 at
the conduction band edge, the charge distribution, and the the well center and x = 0.14 at the well edges and
dopant atoms respectively. The structure of a conventional contained an additional sinusoidal variation with
superlattice (a) and our proposed structure without (b) and a period of 200 A and a peak-to-peak amplitude

with (c) electrons are shown, of 0.05. This variation in x along the growth

direction was achieved by slowly changing the Al
finite number of electric subbands are occupied. oven temperature during the growth. A sinusoidal
In the case shown in fig. 1 there are four occupied modulation was chosen over a square-wave poten-
subbands. Quantitative evidence for the realiza- tial because the latter effectively requires two Al
tion of electron systems like this one is provided furnaces which we currently do not have [7]. The
by comparing the calculated densities of these spacer between each parabolic well edge and the
subbands with densities experimentally de- nearest Si dopant is 370 A of Al. 3Ga0 .7 As and the
termined from a Fourier analysis of Shubnikov- doping consists of five Si 8-doped layers, each
De Haas oscillations seen at low applied magnetic with a density of 2.5 X 1011 cm- 2 and spaced 37
fields [1]. We analyzed data obtained in a number apart.
of parabolic wells and found the experimental Compositional characterization of the grown
results in excellent agreement with the calcula- structure was made using secondary ion mass
tions, verifying the realization of electron systems spectrometry (SIMS), the experimental details of
similar to that shown in fig. 1 [1]. which were reported elsewhere (8]. Fig. 3 is the

By adding a small periodic modulation to the SIMS depth profile for Al. The horizontal axis
Al composition of the parabolic well, a novel was calibrated (converted from sputtering time to
superlattice containing a low-disorder (high-mobil- depth) based on a profilometer measurement of
ity degenerate electron system can be obtained [5]. the crater depth to an estimated accuracy of
In this structure all intentional dopants are placed ± 10%. The profile shows a fifteen-period
outside the superlattice, a major advantage over sinusoidal superlattice superimposed on a para-
conventional superlattice structures. This paper bolic background. The measured width of the well
focuses on the fabrication and characterization of and period of oscillation are both in agreement
such a system. with the growth parameters to within the experi-

Fig. 2a shows the conduction band edge, E€, of mental accuracy. Measurements of the curvature
a conventional GaAs/Al.Gat_,As superlattice. of the parabolic Al profile and the amplitude of
To obtain a degenerate electron system, the bar- the sinusoidal oscillations can be made to within
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0.3 manner with the applied magnetic field, B, per-

pendicular to the sample plane. The high field
data exhibit the integral quantum Hall effect,
QHE. From the position in B of the p., minimum

0.2 and p,y plateau for the Landau-level filling factor
-= 2, 3.0 T, we deduce an electron density n,
1.5 X 1011 cm -2 . The low-temperature mobility

C measured for the structure is - 1.1 x IO cm 2/V •

s. This exceeds the value reported for a degenerate
Selectron system in a conventional superlattice [6]

0.1 by more than a factor of ten.

In fig. 5b the energy versus B fan-diagram for
our structure is shown. At B = 0, self-consistent
calculations for n, = 1.5 x 10" cm -2 (fig. 4) indi-

Of _cate that five electric subbands are occupied.

0 Depth (A) 8000 According to this figure, when B > 0.7 T only thelowest (N = 0) Landau levels of the electric sub-
Fig. 3. SIMS profile measuring Al concentration as a functionof dpth.bands are occupied. Since the separation between

of depth.

+ 30% using SIMS and, within this accuracy, they 0.25 a 1----

agree with the intended parameters [9]. (

Self-consistent calculations for this structure
are shown in fig. 4 for several total areal densities,
n, in the well. For each n, as long as the well is 0
not overfilled, the charge density profile is nearly 0.25 .. 'o_ .--' 3

periodic with the same period as the superlattice (b ns='.0x0"cm-2

potential. Because of the finite size of the well, the VVW

wavevector along the growth direction, k., and -
the energy are quantized. The additional slow V J
variation in the charge density arises from a finite * 0.25 3
number of energy levels being occupied. Note that W (c) n,=t.5xl0 t lcm-2

as n, increases, the electrons spread over a larger C_

distance in the well so that the peak value of the

charge density profile remains nearly constant. -
This is the expected behavior of electrons in a 0

0.25 .'' ''' ' 15partially-filled parabolic well [1-3]. Once the (d n5,=2.3xl0' 1 cm-2

parabolic well is overfilled, electrons start to accu-
mulate near the two edges of the well as shown in
fig. 4d. These calculations therefore indicate that
effective screening of the parabolic potential takes 0 ... ..... .... 0 0
place even in the presence of the additional peri- -1500 z(A) 1500
odic potential. Fig. 4. Self-consistent calculations of the conduction band edge

Low-temperature magnetotransport measure- (solid curves) and the charge density profile (dash-dotted
ments were performed to characterize the elec- curves) are shown for several areal densities, n,, in the well.
tronic properties of the grown structure. The The well is empty in (a), underfilled in (b), approximately fullin (c), and overfilled in (d). We used A Ec = 750x (meV) for the
transverse (p,,) and Hall (p.y) resistivities shown conduction band offset of GaAs/Al.Ga-,As and m*m =

in fig. 5a were measured in the conventional 0.067 for the effective mass.
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T =30mK (a) 6 .

" / (b)

.3 2

00

o 0- - . ....
0 B(T) 5 0 B(T)

Fig. 5. Magnetotransport coefficients p_ and p_ measured at T 30 mK are shown in (a). The energy versus B fan-diagram (dotted
lines) and the position of the Fermi level (solid curve) are shown in (b). The zero-field energies are obtained from the self-consistent
calculations shown in fig. 4c. Only the first three Landau levels (N = 0. 1, and 2) for each of the electric subbands are shown. Spin

splitting is not included.

the lowest electric subbands is small (- 0.1 meV), ture were also presented to demonstrate the self-
well developed QHE features (i.e.. p, -- 0 and consistent charge density profile in the system.
p_ - plateau) are expected only at very low tern- Such high-quality superlattices can provide rich
peratures. This is consistent with our observation systems for the study of phenomena arising from
(not shown here) that the high-field QHE for this interlayer Coulomb interactions in low-disorder
structure already becomes weak at a temperature multilayer electron systems.
of - 300 inK. The addition of spin-splitting com-
plicates the picture: it results in possible overlap We thank H.D. Drew. K. Karrai. and D.C.
of (spin-split) energy levels near certain integer Tsui for fruitful discussions and Y.W. Suen and
filling factors and can lead to the absence of QHE L.W. Engel for assistance with the low-tempera-
at these filling factors. The filling factors at which ture measurements. This work is supported by the
such missing QHE states should occur critically National Science Foundation (Grant No. ECS-85-
depend on the electronic subband structure and 53110 and DMR-89-21073). the US Army Re-
consequently on the electron density and the search Office (Contract No. DAAL03-89-K-0036).
parameters of the superlattice. Uncertainties in the New Jersey Commission on Science and Tech-
the exact shape of the potential well (curvature of nology, GTE Laboratories Inc., Xerox Corpora-
the parabolic potential and amplitude and peri- tion, and the Alfred P. Sloan Foundation.
odicity of the modulation) preclude us from a
more quantitative comparison of the data with the
calculations. Preliminary experiments, however, References
reveal that small changes in the electron density in
the well (via application of a back-gate voltage) [11 M. Shayegan, T. Sajoto. M. Santos and C. Silvestre. Appl.
result in a dramatic disappearance and reap- Phys. Letters 53 (1988) 791:

pearance of the QHE states. T. Sajoto, J. Jo, H.P. Wei. M. Santos and M. Shavegan, J.

In summary, we report the fabrication and Vacuum Sci. Technol. B7 (1989) 311:
T. Sajoto, J. Jo. L.W. Engel, M. Santos and M. Shayegan.

characterization of a superlattice in a wide para- Phys. Rev. B39 (1989) 10464;

bolic well which includes a periodic potential T. Sajoto. J. Jo, M. Santos and M. Shayegan. Appl. Phys.
modulation. Calculations of the electronic struc- Letters 55 (1989) 1430.



370 M. Santos el at / Fabrication of Q3D electron systems and SLs in wide parabolic wells

[2] M. Sundaram. A.C. Gossard, J.H. English and R.M. West- [6] H.L. Stormer, J.P. Eisenstein, A.C. Gossard, W. Wiegmann
ervelt, Superlattices Microstruct. 4 (1988) 683. and K. Baldwin, Phys. Rev. Letters 56 (1986) 85.

[3] K. Karrai, H.D. Drew. M.W. Lee and M. Shayegan, Phys. [7] The structure in fig. 2b can also be grown using a short-
Rev. B39 (1989) 1426: period superlattice of GaAs/A,Gal- ,As with varying
K. Karrai, X. Ying, H.D. Drew and M. Shayegan, Phys. A),Ga I -As thickness, similar to the method used in ref.
Rev. B40 (1989) 12020. [2] to grow parabolic wells.

[4] B.I. Halperin, Japan. J. Appl. Phys. 26, Suppl. 26-3 (1987) [8] A.-M. Lanzillotto, M. Santos and M. Shayegan, Appl.
1913. Phys. Letters 55 (1989) 1445.

[5] A preliminary report on the fabrication, characterization, [9] The amplitudes of the oscillations in Al concentration in
self-consistent calculations of the subband structure, and fig. 2 are larger on the left (surface) side of the parabolic
magnetotransport data of this superlattice was recently well. It is likely that this is related to the worsening of our
given by J. Jo, T. Sajoto, M. Santos and M. Shayegan, Bull. SIMS resolution with increasing crater depth (because of
Am. Phys. Soc. 35 (1990) 682. Also, as this manuscript was the non-uniformity of the crater depth). See ref. [8] for
being prepared. we received a preprint by L. Brey. N.F. details.
Johnson and J. Dempsey reporting calculations of the
electronic and optical properties of a superlattice similar to
that shown in fig. 2c.



Journal of Crystal Growth 111 (1991) 371-375 371
North-Holland

Formation of quantum well wire-like structures by MBE growth
of AGaAs/GaAs superlattices on GaAs (110) surfaces

Shigehiko Hasegawa, Masamichi Sato, Kenzo Maehashi, Hajime Asahi and Hisao Nakashima
The Institute of Scientific and Industrial Research, Osaka University, Mihogaoka, lbaraki, Osaka 567, Japan

We report on molecular beam epitaxial (MBE) growth of AlCaAs/GaAs superlattices on several GaAs (110) substrates. i.e.
nominal (110) substrates and vicinal (110) substrates misoriented toward (11)A and (l ll)B. M BE growth of the superlattices on
vicinal (110) substrates misoriented toward (lll)B has been found to produce quantum well wire-like structures being coherently
aligned toward the (110) direction with almost equal spacing. We discuss the formation mechanism of the quantum well wire-like
structures which is closely related with the MBE growth mechanism on (110) surfaces.

In order to fabricate quantum well wire struc- 0.1 jm/h and 1.5 SCCM, respectively. Substrate
tures, several techniques, such as the ion implanta- surfaces were thermally cleaned at 720°C for 20
tion induced disordering [1] and the molecular min in As2 atmosphere. Total thickness of grown
beam epitaxial (MBE) growth of GaAs-ALAs superlattice layers was about 0.5 rem.
"tilted superlattices" [2], have been reported and SEM micrograph of the surface of the sample
examined intensively. Recently, we have reported grown on the vicinal (110) substrate misoriented
that quantum well wire-like structures are formed 60 toward (Ill)B is shown in fig. 1. Giant steps
spontaneously during the MBE growth of Al- are observed being coherently aligned along the
GaAs/GaAs superlattices on cleaved GaAs (110) (110) direction. The distance between the steps is
substrates [3]. In order to study this phenomenon,
AIGaAs/GaAs superlattices were grown by MBE
on various GaAs (110) substrates, i.e. nominal
(110) substrates oriented within ±0.5' and vici-
nal (110) substrates misonented 6 0 toward (111)A
and (111 )B. Scanning electron microscopic (SEM)
observations revealed that quantum well wire-like
structures were formed on vicinal (110) substrates
misoriented 6 0 toward (11 I)B as well as on cleaved
(110) substrates. In this paper we discuss the for-
mation mechanism of these quantum well wire-like
structures in terms of the MBE growth mechanism
on (110) surfaces reported by Allen et al. [4,5].

Superlattices composed of 300 A thick Al,.,
Ga, 5As layers and 300 A thick GaAs layers with
8 periods were grown on vicinal (110) substrates
misoriented 60 toward (111)A and (IlI)B, and on
nominal (110) substrates oriented within ±0.5 Fig. i. SEM micrograph,,n the surface of the Alo.sGa0 sAs(300
for comparison. Growth temperature, growth rate A)/GaAs(300 A) superlattice grown on a vicinal GaAs (110)
of GaAs layers and flow rate of AsH 3 were 5800 C, substratc misoriented 60 toward (IlI)B.

0022-0248/91/$03.50 © 1991 - Elsevier Science Publishers B.V. (North-Holland)
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well wire-like structures are formed being aligned
toward the (111> direction. These quantum well
wire-like structures are observed only for the sam-
ple grown on vicinal (110) substrates misoriented
toward (111)B. A precise investigation of the
cross-sectional SEM micrograph shows that dur-
ing earlier stages of the MBE growth. steps be-
come higher and coherent as the growth proceeds.
and then two kinds of facets are formed at the
giant step edges. As schematically shown in fig. 3.
these facets are determined to be mainly com-
posed of (lll)A and (111)B surfaces from the
relative angles between facets and (110) terraces.

Fig. 2. Cross-sectional SEM micrograph of the sample shown Platie ofgl fetwee eternd fro te

in fig. 1. AlosGao.5As layers of the sample were selectively oritio rela et the surface o the
etched by 1:21:20 solution of HF:HO:CH5 OH. The dark orientation relative to the surfaces of the mesa
regions in the SEM micrograph correspond to AIGaAs layers. structure shown later. The terraces between giant

steps incline about 5' to the interface between the
about 3000 A. From the off-angle of the substrate epitaxial layer and substrate, which means that the
and this terrace width, the step height is estimated terraces are oriented exact (110) direction.
at about 300 A. In contrast. SEM observation of The quantum well wire-like structures in fig. 2
the sample grown on a vicinal (110) substrate originate in the (111) facets formed at giant step
misoriented 6' toward (lll)A revealed smooth edges. So, the AlAs mole fraction of AIGaAs
surface morphology. This result is consistent with layers on (111)A and/or (III)B facets is thought
the report by Allen et al. [4]. to be different from that on the (110) terraces, as

Fig. 2 shows the cross-sectional SEM micro- schematically shown in fig. 3. Then, a 1 um thick
graph of the sample shown in fig. 1, i.e. the Al ),Gao.sAs layer was grown on a GaAs (110)
superlattice grown on vicinal (110) substrates substrate with mesa structures composed of (110).
misoriented 6' toward (lll)B. Al .sGa 0 5As layers (111)A. (111)B and (100) surfaces. The mesa struc-
of the sample were selectively etched by 1 : 21 : 20 tures were made with anisotropic etchant (H.
solution of HF: HO: CHOH. The dark regions SO,: H,O,: H,O = 1:8:1). The surface of the
in the SEM micrograph correspond to AIGaAs Al0,GaSAs layer was covered with a 2500 A
layers. The SEM micrograph reveals that quantum thick GaAs cap layer. Growth temperature and

G aA s v 1 Ot0

Fig. 3. Schematic illustration of the superlattice structure shown in fig- 2.
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(b) \ A (10 0)
-" ~ samnple's
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X, " (0 7)

'jB 0 67

(0,22)

et D(0 94)

E (1.00) AIGaAs

Fig. 4. Cross-sectional structure of the sample used for EPMA measurements: (a) SEM micrograph: (b) schematic illustration. EPMA

measurements were carried out at each point (A, B, C, D and E). Figure in parentheses at each point shows Al Ka intensity
normalized by that at A.

growth rate were 5800C and 0.5 /Am/h. respec- fraction of the AIGaAs layer on (lll)A surfaces is
tively. Fig. 4 shows a cross-sectional SEM micro- smaller than that on (110) surfaces. This result is
graph (fig. 4a) and schematic cross section (fig. very consistent with that of cathodoluminescence
4b) of the sample. Electron probe microanalysis measurements which showed an orientation de-
(EPMA) measurements were carried out at each pendent AlAs mole fraction in AIGaAs epitaxial
point (A. B, C, D and E) shown in fig. 4b. The Al layers [6]. This orientation dependent AlAs mole
Ka intensity at each point is normalized by that fraction can be explained by the orientation de-

at A and is also shown in fig. 4b. The AlAs mole pendence of the Al sticking coefficient and/or

Fig. 5. SEM micrographs of the vicinal (110) substrates misoriented 60 toward (II1)A (a) and (111)B (b) after thermal cleaning at

700 *C in As2 atmosphere.
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surface diffusion length. The quantum well wire- rientation produces the grown surfaces with differ-
like structures shown in fig. 2 are considered to be ently oriented facets and incoherent superlattices
due to the (11 1)A facet formation and orientation without quantum well wire-like structures.
dependent AlAs mole fraction. In conclusion, we have found that the quantum

Fig. 2 also shows that the quantum well wire- well wire-like structures are formed by the MBE
like structures originate in the vicinity of the inter- growth of AlGaAs/GaAs superlattices on vicinal
face between the superlattice layer and substrate. GaAs(110) substrates misoriented 60 toward
This result suggests that the giant growth steps (111)B as well as cleaved GaAs(110) substrates.
with (111) facets are formed during earlier stages The structures are coherently aligned along (110>
of MBE growth or thermal cleaning of (110) direction with almost equal spacing. SEM ob-

surfaces. Figs. 5a and 5b show SEM micrographs servations and EPMA measurements confirm that
of the vicinal surfaces misoriented 6' toward the (111)A facet formation during growth and
(I 11)A and (I1 l)B after thermal cleaning at 700 * C orientation dependent AlAs mole fraction of Al-
in As, atmosphere. respectively. For the surface GaAs layers induce the quantum well wire-like
misoriented 60 toward (1l1)A, zig-zag steps are structures. The size of quantum well wire-like
observed. In contrast, the morphology of the structures may be controlled by varying the off
surface misoriented 60 toward (111)B is free from angle of vicinal (110) substrates and/or growth
any structure. Therefore. the giant steps observed condition such as growth temperature, thickness
in figs. I and 2 are considered to be formed during of AIGaAs/GaAs layers and so on. Using this
earlier stages of the MBE growth. Allen et al. have phenomenon, therefore, we think that we can easily
reported that two-dimensional growth initiates at fabricate quantum well wire structures without
Ga-rich ledges and the epitaxial growth proceeds any sophisticated process.
in a layer-by-layer growth mechanisms on vicinal
(110) surfaces misoriented 6' toward (111)A [4,5].
Their result is very consistent with ours that the The authors would like to thank Dr. T.
growth on vicinal (110) surfaces misoriented 6' Narusawa of Matsushita Electric Industrial Co.,
toward (Ill)A provides the smooth surface mor- Ltd., for his help in fabrication of mesa structures,
phology although the thermally cleaned surface is T. Tanaka of Osaka University for EPMA mea-
rough. The zig-zag steps observed at the thermally surements and Y. Okuda of Osaka University for
cleaned vicinal surface misoriented toward (11 I)A his help in computer control of MBE. They would
provide a number of the stable chemisorption sites also like to thank K. Kamon of Sumitomo Electric
of Ga atoms. Resultant Ga-rich ledges serve as a Industry Ltd. and T. Inada of Hitachi Cable Ltd.
basis for layer-by-layer growth, and facet free for supplying GaAs substrates, and Professor S.
films are grown. Therefore, on the vicinal (110) Gonda for his support. This work was supported
substrates misoriented toward (Ill)A, the Al- by a grant from the Research Program on "Crea-
GaAs/GaAs superlattices are grown without tion of New Materials through Intelligent Design"
quantum well wire-like structures. On the vicinal of ISIR, Osaka University.
(110) surfaces misoriented 6° toward (l)B, we
considered that the (111)B facets at step edges
interrupt lateral growth initiated at Ga-rich ledges.
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Stress accommodation in large-mismatch systems

Brian W. Dodson

Sandia Autional Laboratories, Albuquerque. New Mexico 87185. USA

Accommodation of lattice mismatch is investigated for the case of large (t > 0.02) mismatch. In particular, the regime where the
separation D between misfit dislocations is much less than the strained layer thickness h is considered here. The conventional
%latthes-Blakeslee mechanism for creation of misfit dislocations is found to be inadequate for the case of large lattice relaxation
owing to interactions amongst the misfit dislocations at the interface. According to St. Venant's principle, the stress fields of the
dislocation network are screened beyond a distance D from the dislocation cores. This observation has several consequences.
including large densities of threading dislocations and the "melting- of moderately relaxed heterointerfaces at conventional
semiconductor growth temperatures. A number of experimental observations may be explained via these models.

i. Introduction of misfit dislocations at or near an interface can
be considered another. nearly two-dimensional.

The problem of accommodation of lattice mis- material in its own right. The special properties of
match at a heterointerface is one of great practical that interfacial material can strongly affect struc-
and scientific concern. On the practical side, tural relaxation and/or stability.
strained-layer epitaxial structures offer the ability In this paper, I will seek to examine the conse-
to tailor the electronic properties of semiconduc- quences of certain of these phenomena. The sys-
tors such that a broad continuum of material tems considered will be limited to materials hav-
systems is made available for application. Beyond ing the same crystal structure, but having lattice
this. however, the formation and properties of parameters which differ by significantly more than
interfacial structures which accommodate differ- one percent. This number will come out of the
ing bulk structures is a wideranging and little upcoming analyses, but is also motivated by a
understood problem. We are used to considering a large number of experimental studies in which
tiny subset of this field, namely those structures in "something bad" happens to structures grown
which the two materials making up the system from materials having lattice mismatch of about
have essentially the same crystal structure and 2% or greater. Initially. the Matthews-Blakeslee
nearly the same lattice constant. In this case, a mechanism for strained-layer relaxation will be
reasonable approximation is that the mismatch is reviewed. The unusual nature of misfit disloca-
taken up by a lattice of misfit dislocations, whose tions will then be briefly examined, to establish a
introduction can be described using the Mat- basis for treating highly relaxed structures. The
thews-Blakeslee model. There are many situa- stress field of a regular network of misfit disloca-
tions, however, in which this description is inade- tions will be described, primarily to justify our
quate. The problem is complicated considerably later use of a valuable qualitative rule for stress
when the materials involved do not have the same analysis of such structures. St. Venant's principle.
crystal structure. In addition, when high densities This rule will then be applied to two specific
of misfit dislocations appear, the interaction of problems. the observation of very large threading
those dislocations amongst themselves, rather than dislocation densities, and the loss of rectilinear
solely with the misfit stress, can dominate the form in the misfit dislocation network, in large
energetics of relaxation. Finally, a dense network mismatch structures. The treatment will be tu-

0022-0248/91/$03.50 ' 1991 - Elsevier Science Publishers B.V. (North-Holland)
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torial in places. to make the material accessible to only self-forces transmitted via a line tension, it
the widest possible audience, tends to stay near its original position. If the line

tension of a misfit dislocation at the strained layer
interface is less than the force on the threading
dislocation, the portion of the threading disloca-

2. Matthews-Blakeslee relaxation mechanism tion in the strained laver is free to move along its
glide plane. leaving behind a misfit dislocation. It

For over four decades, the possibility that lattice is important to note that, despite the restricted

mismatch e between two materials can be accom- nature of this model, in reality strong assumptions

modated via a network of misfit dislocations at are not being made concerning the original source

their interface has been appreciated. At that time, of the misfit dislocations. Even if a local event.

a simple atomistic model for the energetics con- such as nucleation at inclusions or operation of a

trolling this process. in the limit where the spacing Frank-Read-type source, is originally responsible

D between misfit dislocations is much greater for the dislocations, once the misfit dislocations

than the layer thickness h, was developed [1]. This extend beyond the locality of the source further

model, however, did not address the process of extension is the result of a Matthews--Blakeslee

formation of the misfit dislocation network. That mechanism.

question was first seriously addressed by Mat- It is convienent to describe the stability of

thews and Blakeslee [21. who observed that thread- threading dislocations in a strained laver structure

ing dislocations become unstable against forma- by defining an excess stress o., [3]. If we take the

tion of misfit dislocations when the misfit strain is case of (001) diamond-cubic strained interfaces
large enough. As shown in fig. 1, the portion of a and 600 dislocations (typical for small-mismatch

threading dislocation which lies in a strained layer group IV and Ill-V semiconductors). the excess
is subjected to a force along its glide plane. As the stress is

remainder of the threading dislocation experiences
S=1_-t v /II 1 - t cos-13 ln(4h.jh)

I -i 2,, 1 -v h

STRAINED OVERLAYER where t. is shear modulus. v is Poisson's ratio, b is
the magnitude of the Burgers vector of the disloca-

MISFI tion, and Pi is the angle between the Burgers
MISFIT / EXCESS vector and the line of the dislocation. The first

A term reflects the force on the threading dislocation
/ "' - from interaction with the strained layer. and the

second term describes the line tension of the misfit
THREADING dislocation. Given the excess stress, the net glide
-DISLOCATION force on the threading dislocation is simply

SUBSTRATE

F = 0.5hha,. (2)

-- ('learlv, misfit dislocations will he produced when
ai, is greater than zero. Although the rate of

Fig I Schematic of the Matthews-Blakeslee mechanism for dislocation formation, and hence of stress relaxa-
formaion of misfit dislocations. The segment of the threading tion. depends on a number of additional kinetic
disltcation in the strained overlayer is forced to the right h, factors [41. the Matthews- Blakeslee model has had
the mis.t stress. If that stress is greater than the line tension of
a misfit dislocation, the excess stress is greater than /ero. and
the threading dislocation hecomes unstable against formation equilibrium behavior of small-mismatch strained-

of a misfit dishoation at the interface, as illustrated. layer structures.
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3. Misfit dislocations in highly relaxed structures y

In a formal sense, a misfit dislocation is defined X STRAINED LAYER

by a line and a Burgers vector, as are conventional (THI CKNESS )> D)

dislocations. It is natural, however, to wonder if
these structures are truly analogous. In a normal
edge dislocation, for example, an additional plane _1 _ 1_

of atoms is inserted into the material (fig. 2a).
This produces a hoop stress which varies inversely
with the distance from the dislocation core. (27rr SUBSTRATE

+ d matter is compressed into 27rr circumference. Fig. 3. An interfacial wall of misfit dislocations.

The resulting strain is - d/217r.) The dislocation
energy, which is obtained by integration from the
core region, is logarithmically dependent on dis- illustrated in fig. 2, in both cases a surface bulge
tance from the core. results from the dislocation, which is a result of

An edge misfit dislocation appears to be a the excess material added. In fact. the displace-
rather different entity (fig. 2b). In this case. the ments are actually identical (assuming equal elas-
extra plane of atoms is not inserted by force, but tic constants) if the displacements are measured
rather is the natural result of the lattice mismatch relative to their respective dislocation-free struc-
of the materials on either side of the dislocation. tures!. If the reference structure happens to be
In the vicinity of the core (r < b/E), therefore, strained, then that strain must be added to the

there is little residual strain. Since the energy is dislocation strain to obtain the total structural
obtained by integration over space. it would ap- strain (and hence stress and energy).
pear that a misfit dislocation has smaller energy A particularly clear (and useful) illustration of
than a formally equivalent conventional disloca- this point is to consider an interfacial wall of edge
tion. misfit dislocations, as shown in fig. 3. The stress

Of course, the dilemma set up above is spe- field of such a distribution of dislocajons is [5]:
cious: formally equivalent dislocations have iden-
tical material displacements. stress fields, and en- ph _ y[3x- + (y- nD)2]

crgies. The confusion results from inconsistent all 27r(l-v) 1- [.,,(-n o -  "

choices of reference systems in the two cases. As "
(3)

or

' '€ ! ! ,)l i '' !2D(1 -v)(cosh 27TY- cos 2qrX )

--'-- ~~~~~ .. --- I, , ; -L [2 sinh 'vY (cosh 2rY -cos277A')

L .ifiPPI1If L LJIV i - h7T Y(cosh 27TY cos 2,-rX - 1)1 (4)
ta, (b)

Fig. 2. Dislocations as displacements from a dislocation-free where D is the dislocation separation. A x/D.

reference state. In (a) appears an edge dislocation below the and Y= v/D. Only a, has a long-range stres,

surface of a monolithic structure. In (N) is shown an edge component. In the limit of large Y, ry,, converges
misfit dislocation at the interface between an unstrained sub- to jsh/D(1 - v). This is the total stress if a wall of
strate and a strained overlayer. Although the region above the edge dislocations is placed in a single urstrained

edge dislocation is strained in compression, and the same
region above the misfit dislocation is roughly free of strain, the material.

displacements from the respective dislocation-free reference In the present case, however, the wall is posi-

states are the same. tioned at the interface between two materials hav-
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ing lattice mismatch c. The dislocation-free refer- D << h will be dominated by the interaction of the
ence structure is that in which one of the materials dislocation wall stress field (rather than the biaxial
(chosen to be Y'> 0) is subjected to a uniform misfit stress alone) with threading dislocations.
biaxial strain, resulting in a coherent interface. This total stress a =a_ - (1 + v)/(l - v) is
The resulting stress is (1 + v)pE/(l - v), which shown in a contour plot in fig. 4 for the case
must be subtracted from the stress field of the where the dislocation separation is D,,: the misfit
dislocation wall to obtain the total stress of the stress is exactly compensated by the dislocation
structure. wall far away from the interface. (The contours

If the mismatch is entirely accommodated by are labeled in GPa.) Whereas an isolated disloca-

the dislocation wall. the limiting stress of the tion would have stress levels of about 0.3 GPa at a
dislocation wall and the mismatch stress of the distance of D = 2 in silicon, the structure consid-
dislocationfree structure must be equal and oppo- ered here has stress levels less than 0.001 GPa at
site. so that the total structure has no long-range that distance from the interface. As a result, when
stress fields. This condition allows us to solve for relaxation is nearly complete. the primary elastic
D,. the equilibrium separation between misfit dis- interactions take place very near the interface.
locations, where the stresses are large.

A useful tool for considering the interaction of
D,= h.(1 . (5) dislocations with such complex dislocation struc-

This is not precisely correct when systems of finite tures is St. Venant's principle [6]. This states that

extent are considered, but is a very good ap- statically equivalent forces applied to a local re-
proximation when the layer thickness h is sub- gion of a body cause no long-range changes in the
stantiall\ greater than D,. total stress field. and that the characteristic dis-

tance of the changes in the internal stress distribu-
tion is roughly that of the linear dimensions of the

4. Relaxation energetics and St. Venant'\ principle local region. For example. the stress distribution
of two bodies whose surfaces are pressed, with

The later stages of Matthews Blakeslee relaxa- equal forces, by a sharp needle and a rod of
tion in a strained-layer structure thick enoagh that diameter d are essentially equivalent at distances

00 0 0

-. 001 .001 -. 001

.01 -. 01 .01 '-.01 .01

.0-. .0

0.1 r 0.1

o 0

''

Fig. 4 Stress contour, for the dislocation configuration in fig 3. Stress here is in (iPa. The dislocation separation skas chosen to
cancel the rnisfit strain far from the interface. Note that %ert little of the stress appears hevond one dislocation separation from the

interface
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substantially greater than d from the pressure
point.

St. Venant's principle also allows the stress
distribution of a periodic array of dislocations to d

be estimated. If we refer again to fig. 4, it will be
seen that there is little stress beyond a distance of
Y= 1 from the dislocation wall. As a result, it is a
reasonable approximation to eschew exact calcula-
tions, which become intractable for more complex
configurations, and take the total stress as the
superposition of the individual fields of the dislo- Fig. 5, Threading dislocation arms interacting to prevent fur-

cations cut off at a distance equal to the disloca- ther generation of misfit dislocations b' the Mathews-

tion separation D. (Comparison with exact calcu- Blakeslee mechanism.

lations will sometimes suggest that the length scale
should varv somewhat from D. This will generally
affect only quantitative estimates, but not qualita-
tive conclusions.) Although this procedure will not enormous densities appear. and why they are so

reproduce the exact stress field of a given disloca- resistant to being removed from the system. I

tion distribution, it does allow relatively easy believe that one of the major factors involved is

evaluation of the merit of possible mechanisms for that. as strain relaxation proceeds. the interactions

structural change. of the threading dislocation segments in the
strained layer amongst themselves can become
larger that the interactions with the remaining

5. Appearance and unfilterabilit of large threading layer strain which is driving the relaxation process.

dislocation densities At this point, the dislocations become "frozen" in
place. In this section. a simple model for this

A common (indeed. nearlh ubiquitous) feature phenomenon will be discussed.

of growth of highly strained layers is the ap- Consider a strained layer relaxing by the Mat-

pearance of very high ( - 10' 2 cm ) densities of thews-Blakeslee mechanism. This involves a num-

threading dislocations, near the interface. (This her of threading dislocation arms moving through

phenomenon also appears occasionally in struc- the strained epilayer (fig. 5). We want to de-

tures having little strain.) Although the threading termine at what threading dislocat on density the

dislocation density becomes smaller with con- inter-arm interaction is equal to the arm-strained

tinued growth. annealing, and the inclusion of laver interaction, as at this point the motion of the

dislocation filtering structures, there appears to be arms will be frozen. The force between two seg-

a minimum density of residual dislocations which ments of threading dislocation is roughly

varies as a function of laver thickness. In the case F= (ihb-,/27 )hp' 2 (6)
of GaAs layers on Si with a thickness of several
microns. that density appears to be in the neigh- where p is the threading dislocation density and h
borhood of 10 cm -* is the strained layer thickness.

This is a problem of considerable practical im- The force on the threading dislocation arms
portance, as this density of dislocations is enough driving Matthews Blakeslee relaxation is obtained
to render the epilayer useless for a number of from eqs. (1) and (2) by substituting the distance
desirable applications. There have been many ex- D between misfit dislocations at the strained layer
perimental studies of such structures, primarily interface for the layer thickness t. This substitu-
aimed at testing various schemes for reducing the tion is allowed by St. Venant's principle when the
residual threading dislocation density. There has layer is nearly relaxed. At this point, D -h/(i, -

been. however. Very little examination of why these e ). where t, is the total mismatch of the materials
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and c is the residual misfit. As t << E, is assumed, basis for our discussion. The energy of an atomic
we can substitute e, = e, - e. This yields length of dislocation is roughly

F. I+ ,, Eb In(4 (Db4 3 n((9)

WeP use here D- 4,/f in a naly eaedsr

The condition for interference with dislocation We use here D - h/£ in a (nearly) relaxed struc-
arm motion is Fr= Fro,. This yields ture. This reflects the two-dimensional distribu-tion of the misfit dislocations. The other notation

4 2\,(I+P)E i is consistent with our earlier usage. and 8 is a core= (1 (v) - ) h . (8) energy parameter which will be fit to experiment.
( v)( E,, ENabarro [5] has estimated the entropy of a dislo-

The dislocation density for interference with cation array, including terms from positional ent-

mismatch relaxation can now be estimated. In ropy. vibrational entropy of the dislocation line.

practical use, the second term of eq. (8) dominates and vibrational entropy of the surrounding lattice.

because ic/, << 1. For the GaAs/Si system. then. Re obtains an estimate of - 5k for the total

p - 5h ' For a thickness of 100 A. this would entropy per atomic length of the dislocation line.

predict a density of 5 x 1012 cm - 2 For a thickness Using this. the free energy per atom in an interfa-

of 5 i'm. the density would be roughly 2 X 10
7  cial region of a relaxed structure with an initial

cm . Both of these values are consistent with mismatch of E is

experimental values. Even though the above dis-',-I A
cussion is a sketch of a complete model, rather F(E. T) -4 ln(Se 5kcT. (10)
than an accurate description of the interference
phenomenon. agreement with numerous experi- In the conventional melting theory, the "'melt-

ments lends credence to the ideas developed here. ing" point 7-, is taken as that temperature satisfy-
ing F(0. J,) = F(I. T,,,). In the current situation.
however, the initial density of dislocations is not

face1

Another phenomenon which is commonly ob-
served in structures exhibiting lattice mismatch 0
larger than about 2-- 3 is a transition from a
rectilinear network of long 600 dislocations to a
tangled mess of edge and mixed dislocations in the
interfacial region. The resulting structures are rein-
iniscent of those expected in the dislocation theory

-0

of melting. In that theory, a liquid is supposed to z
be a solid densely packed with dislocations, so 0 1
that the shear strength of the resulting material 0 0.05 0. 10
would be minimal. This may or may not he an
appropriate model of a liquid. but it is a reasona- l.P.TT ICE MISMATCH
bly good description of the material near the Fig. 6. Reduction in -melting- temperature of an interfacial

interface of a highly strained structure. I will region due to the presence of a high densit, of misfit disloca-

investigate below the possibility that dislocation tions. This calculation assumes that nearly all of the mismatch
is accommodated b, such dislocations prior to melting, which
allows the initial dislocation density to he expressed in terms of

Mizushima [7] has produced an equilibrium the lattice mismatch. This is not necessary for the reduction to

model of dislocation "melting". which provides a appear.
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zero. but instead can be very large. The condition mismatch differs qualitatively from that character-
for "melting" is thus istic of systems with small mismatch. The stress

distributions and interactions associated with a
T : F( E. Tm ) F( 1. Tm.). (11) member of a dense network of misfit dislocations

A small value of c can produce a large change in are quite different from the equivalent quantities
Tm. The adjustable parameter 8 is set by requiring for an isolated dislocation. In particular, models
that the "melting" temperature for a dislocation- have been presented suggesting that the common
free material be equal to that observed experimen- observations both of large densities of threading
tally. The relative "melting" point as a function of dislocations and of dense non-rectilinear networks
initial mismatch is then of dislocations near the interface in large misfit

relaxed structures are collective effects reflecting
T,(.E I f In c (12) the effect of dislocation-dislocation interactions.

T. (0) 1 - In (

Using this relation. Tn as a function of E is shown References
in fig. 6 for a strained silicon-like material. Ob-
serve that the melting temperature is reduced to [11 F.C. Frank and J.H. %an der Merwe. Proc. Roy. Soc.

the range of typical growth temperatures for a (London) A198 (1949) 216.
mismatch of about 4 , in reasonable agreement [21 J.W. Matthews and A.E. Blakeslee. J. Crstal Growth 27
wistch ope e t 4(1974) 118.

with experiment. [3J J.Y. Tsao. B.W. Dodson. S.T. Picraux and D.M Corneli-
son. Phvs. Rev. Letters 59 (1987) 2455.
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Growth processes and relaxation mechanisms in the molecular beam
epitaxy of InAs/GaAs heterostructures
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The ver first stages of growth during the molecular beam epitaxN of InAs on GaAs are studied The growth mode is found to be
closely related to the mechanisms of strain relaxation. The onset of 3D nucleation initiates strain relief by the formation of relaxed
islands with subsequent segregation and intermixing of the group Ill elements. In multilaer structures, a competition between
different relaxation paths is observed, regulated h% the individual layer thickness rather than by the net strain in the structure.

In this work. we stud,' the nucleation and strain on top on the InAs layer. before heating up again
relief processes in the molecular beam epitaxy of to 540 0 C. In order to obtain smooth and homoge-
InAs on GaAs. Single as well as multiple InAs/ neous layers and to minimize the density of atomic
GaAs structures are investigated by a combination steps at the growth surface, the InAs layers are
of different methods. In situ reflection high energy deposited in half-monolayer increments, annealing
electron diffraction (RHEED) provides a sensitive the surface after each deposition under As4 for
probe of the growth mode of the epilayer. High- 120 s at the growth temperature of 420'C. The
resolution electron microscopy (HRTEM) and reference for the calibration of the substrate tem-
high-resolution double-crystal X-ray diffractome- perature is given by the desorption of the native
tr, (HRDXD) are combined for an accurate de- oxide at 5800C observed in the RHEED pattern.
termination of the structural properties. The RHEED monitoring of the growth process

The lnAs/GaAs structures are grown on un- will be discussed below. The X-ray measurements
doped 1100) GaAs substrates by conventional are performed with a computer-controlled high-
solid-source molecular beam epitaxy (MBE). Prior resolution double-crystal diffractometer [1] using
to the growth of the lnAs/GaAs heterostructures, Cu Ka, radiation in the vicinity of the symmetri-
a I tam thick GaAs buffer layer is deposited. In cal (400) and the asymmetrical (422) and (511)
the single layer samples, the InAs layer is capped GaAs reflections, respectively. The entire X-ray
with 200 nm GaAs. The structural parameters of spectrum between 0B = 20 and 0, = 550 is re-
the presented samples as determined by HRDXD corded by using ihe powder diffractometer with a
and Raman spectroscopy are given in table 1. The post-sample curved graphite monochromator. The
growth process itself is identical for all of the cross-sectional samples for the HRTEM investiga-
samples. Each of the InAs layers is grown at tion are prepared by the conventional sandwich
4200 C. whereas the GaAs buffer and barrier layers technique. They are cut into (i10) slices and
are grown at 540'C. To avoid In desorption, a thinned to approximately 20 nm by ion milling.
few monolayers of GaAs are deposited at 420'C The investigation is performed with a JEOL

(w22-0248/91/$03.50 , 1991 - Elsevier Science Publishers B.V. (North-Holland)
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Table I
Parameters of the InAs/GaAs heterostructures under consideration; listed are the number of periods n. the thickness of the lnAs
layer d. the period as determined by X-ray diffraction (x) and Raman scattering (\R,), the lattice mismatch parallel (5i) and
perpendicular (8_ ) to the layer plane, the degree of relaxation R and the critical thickness of the whole structure ( Hc )

Sample n d AX  )R., 8ll'l) hI R H(.

No. (A) (A) (A) (A)

6660 1 2.15 - - 1.49×10 0 0
6664 1 9.55 - - d d)

6665 1 10.33 - - - d) di J _

6720 20 4.39 25.8 26.2 2.23 X 10 - 3.15 x 10 0.256 105
6722 10 4.00 53.4 52.2 1.03 x 10" 3.86 x 10 0.07 224

The InAs layer thickness corresponds to the unstrained value and represents thus the amount of In atoms incorporated.
In the case of multilayers. the measured mismatch is weighted with the respective thicknesses of the consituent lasers.
According to the model of Matthews and Blakeslee [6].
The lattice images of this structures reveal a fractional strain relief. However. no quantitative determination by means of HRDXD
is possible due to the angular shift of the interference fringes.

4000EX microscope. including diffracted beams layer InAs on GaAs, capped with 200 nm GaAs.
up to the (400} reflection in the diffraction aper- The InAs thickness is determined to be 0.8 ML.
ture. referring to the tetragonally distorted unit cell of

Information about processes occurring during
the deposition of the InAs layers is obtained by in 10 (

situ RHEED. The InAs layers are grown near the (4°0) (01

boundary to the In-stabilized region, as mani-
fested by a sharp transition from a well defined t 0

(2 x 4) reconstruction to a (4 x 1) reconstruction 2

for a slightly increased growth temperature of 102

4300C. The occurrence of sharp reconstruction
.streaks reflects a 2D layer-by-layer growth and is 10_3
observed during the deposition of the first two
monolavers. The annealing cycle after the deposi-
tion of half-monolayer increments results in a 10o

sharpening of the reconstruction streaks in the (422) (b)

RHEED pattern, indicating a smoothing of the
>' 10-1growth surface due to the dissociation of sponta-

neously formed InAs islands and the subsequent
incorporation of migrating In atoms in surface 10-2r

step sites [21. When monitoring the growth of
thicker InAs layers (up to 10 monolayer (ML)), a 1-
sharp transition from the (2 x 41 reconstruction to
a spott RHEED pattern at a thickness of 2.5 ML
is observed, revealing the onset of three-dimen- 10-4.

-5-4 -3 -2 -1 0 1 2 3 4 5
sional nucleation. This transition is interpreted as

a change in growth mode caused by the large Angle (mradl

lattice misfit between the two materials (Stranski- Fig. I. Experimental (dotted line) and simulated (solid line)
Krastanov growth) 131. X-ray diffraction patterns recorded in the vicinity of the svm-

In fig. I we show the symmetrical (400) and the metrical (400) (a) reflection and the asymmetrical (422) reflec-
asymmetrical (422) diffraction patterns of a single tion (h). respectively. with Cu Kai radiation, for sample =6660.

L .. . ................ ...........
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100 Ia) The systematic comparison of the actual growth
rates of the ultrathin strained layers with those

>. 10-1 derived from the measured thickness of bulk sam-
ples grown under identical conditions reveals a
strong impact of the strain on the In incorporation

_10- [5]. Additionally. the In incorporation drops

1abruptly when the layer thickness exceeds the
M 10-3 - onset for 3D growth. This important phenomenon

will be discussed in connection with the HRTEM
measurements presented below.

100 (b In fig. 3. the high resolution lattice images from
>the structures of fig. Ia and fig. 2b are shown. The

10' projected InAs layer appears as a dark line in the
brighter GaAs matrix. The structure shown in fig.

10-2  W.1 3a is found to be free from dislocations, having in
fact the excellent structural quality as suggested

10-3 - by the X-ray investigation. In contrast, in fig. 3b a
strong fluctuation of the InAs layer is observed.
which directly reflects the first stage of island

10 -5 -4 -3 -2 -1 0 1 2 3 4 5 nucleation. Symmetrically introduced 60'-type

Angle (mrad) dislocations with their Burgers vector inclined on

Fig. 2. Experimental X-ray diffraction patterns in the vicinity opposing Il l 4]. planes are detected at the edges of

of the svmmetncal (400) reflection, recorded with Cu Ka the islands [4]. Furthermore the upper interface is

radiation for samples -6664 (a) and -=6665 (b). respec- not well defined but is strongly intermixed with
tively. the adjacent GaAs layer. This experimental find-

ing suggests that the initial relaxation of InAs
islands results in an enhanced segregation of In

strained InAs. The RHEED pattern during growth during the overgrowth with the GaAs cap layer
exhibits a (2 x 4) reconstruction as discussed (strain enhanced diffusion). This segregation pro-
above. The excellent agreement between the ex- cess is thought to be responsible for the sharply
perimental and simulated diffraction patterns re- decreasing growth rate mentioned above, since In
veals the perfect crystal quality of the sample. In atoms floating at the growing surface can readily
addition, diffraction around asymmetric reflec- be desorbed during the heating cycle.
tions demonstrates a coherent growth of the InAs
layer. i.e.. the lattice mismatch is accomodated
entirely by an elastic tetragonal distortion of the
InAs unit cell. ..

Fig. 2 shows the experimentally diffraction pat.- 1 Onm
tern of samples with InAs layer thicknesses of 3.4 ,
ML (fig. 2a) and 3.7 ML (fig. 2b), respectively,.. .. ..

For both of the samples, a spotty RHEED pattern
develops duiing the growth. The onset of 3D
nucleation as indicated by the RHEED observa-
tion manifests itself in an decreasing amplitude
and an angular shift of the interference fringes
adjacent to the main epitaxial reflection (w,,), Fig. 3. High resolution lattice images of sample *6660 (a) and

resulting from the loss of phase coherence of the *6665 (b), restectively. The (100) InAs layer appears as a
X-ray wave fields in the crystal (4]. dark line in the GaAs matrix.
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1I o (400) S (a) 100 511) (b)

> 101 />\

.> 0>10-2

10-31i, .

0 4 0I,

10
-

I I 10 -5i i, I I
-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30

Angle (mrod) Angle (mr.u)

Fig. 4. Experimental (dotted line) and simulated (solid line) diffraction patterns in the vicinits, of the svmmetrical (400) and
asvmmetrical (511) reflection. respectivek. for sample =6722.

Fig. 4 shows the diffraction patterns of sample elasticity theory [6]. which predicts almost com-
-6722 around the symmetric (400) (fig. 4a) and plete relaxation (95%) for the structures presented
the asymmetric (511) (fig. 4b) reflections. respec- here.
tivelv. The data obtained from these measure- The individual layer thicknesses of all multi-
ments yield the mean lattice misfit perpendicular. layer structures are well within the limit for coher-
8 -. and parallel. 8 . to the (100) layer plane. The ent 2D growth. It is thus expected that the relaxa-
structural parameters derived from these measure- tion takes place only at the substrate-superlattice
ments are summarized in table 1. It is worth interface. i.e. the superlattice as a whole is char-
noting that the degree of relaxation is always acterized by an in-plane mismatch S . This allows
much smaller than expected from the equilibrium us to determine the elastic strain components of

I OnmJ

Fig. 5. High resolution lattice images for samples */6722 (a) and *6720 (b). respectively. In the upper part of (a), the whole
superlattice structure is shown. In the inset below, the lnAs/GaAs interface depicted by the white frame is shown in magnification.
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the individual layers which enter the simulation growth mode. The analysis of both the HRDXD
shown in fig. 4. The position of the superlattice patterns and the HRTEM lattice images has re-
peaks in the experimental diffraction patterns are vealed the strong correlation of the growth mode
well reproduced by the simulation. However, the of the InAs layer to the mechanism of strain
experimental superlattice satellites are apparently relaxation. The onset of 3D growth initiates strain
broadened with respect to the theoretical ones. relaxation by the formation of relaxed islands with
The broadening and the reduced intensity of the subsequent intermixing of the group III elements.
first order satellites (± 1) can be attributed to the This segregation process is considerably enhanced
incoherent X-ray scattering at heterointerface in- by the strain between relaxed InAs islands and the
homogeneities (thickness fluctuations). The broad- GaAs cap layer, resulting in an abrupt drop of the
ening of the main satellite (0) indicates the pres- In incorporation. In multilayer structures with in-
ence of defects such as clusters or threading dislo- dividual InAs layer thicknesses below those re-
cations within the superlattice structure. Thus. the quired for the onset of 3D growth, but with a total
relaxation process severely affects the quality of thickness exceeding the critical one. the structural
the whole structure, although the misfit disloca- stability is governed by the total thickness of the
tions are most likely generated at the superlattice superlattice as predicted by the equilibrium elas-
base. ticity theory. However. in addition to the initial

In fig. 5. we show lattice images of two samples relaxation at the superlattice base strain relief
with the same InAs layer thickness (1.5 ML) but proceeds at the internal interfaces, regulated by
different GaAs thickness and number of periods the individual layer thickness.
(see table 1). In fig. 5a misfit dislocation forma-
tion at the base of the superlattice is observed. This work has been partly supported by the

The individual interfaces are homogenous and es- Bundesministerium fiir Forschung und Technolo-

sentially free from defects (see the inset of fig. 5a gie of the Federal Republic of German,.

where one interface is shown in magnification). In
contrast, in fig. 5b a strong intermixing of the References
individual layers is apparent. These results indi-
cate that the strain relaxes initially by the forma- III L. Tapfer and K, Ploog. Phvs. Rev. B33 (1986) 5565.

lion of misfit dislocations at the superlattice base. (21 Y. Horikoshi and M. Kawashima. J. Crstal Growth 95

The residual strain within the whole superlattice is (1989) 17.
then preferentially relieved by laver intermixing. [3) S.M. Piniu,. S.I. Stenin. A.I. Toporov. E.M. Trukhanol r d b land V.Y. KarasyoN. Thin Solid Films 151 (1987) 275,

Finally. we should mention that the vibrational 141 0. Brandt. L. Tapfer. K. Ploog. M. Hohenstein and F.

as well as the optical properties of the investigated Phillipp. unpublished

samples can readily be understood by considering l51 0. Brandt. t.. Tapfer. R. Cingolani. K. Ploog. M. Hohen-

both the structural and chemical disorder induced stein and F. Phillipp. Phys. Rev. B41 (1990) 12599.

bv strain relaxation [4.71. 161 J.W. Matthews and A.E. Blakeslee. J. Crstal Growth 27
- { 1974) 990.

To conclude, the nucleation of InAs on GaAs 171 G. S amarcio. 0. Brandt. L. Tapfer. D.J. Mowbray. M.
was found to take place by the Stranski-Krastanov Cardona, and K. Ploog. J. Appl. Phys.. to be published.
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Optical studies of InAs/GaAs on GaAs short-period strained-layer
superlattices grown by MBE and MEE

T.C. Hasenberg
Iluivhes Research Laboratories, 3011 Mahbu Canyon Road. Malibu, Californiu 90265. USA

D.S. McCallum, X.R. Huang. A.L. Smirl, M.D. Dawson and T.F. Boggess
Center for Laser Science and Engineering, Lnciversii of Iowa, 124 A MRF. Oakdale Campus. Iowa Cat IA. Iowa 52242. USA

We have grown InAs/GaAs short-period strained-laer superlattices (SPSLSs) b'v both conventional molecular beam epitaxy
(.BIE and migration enhanced epitaxy (MEE). Our efforts have been directed towards the optimization of growth parameter.s
including shutter times, growth interrupt times, and substrate temperatures for both growth techniques. We have investigated several
structures with different numbers and thicknesses of InAs and GaAs layers. Optical measurements, including absorbance. CW
photoluminescence (PL). and time resolved PL. have been employed to determine the quality of the samples. We have grown samples
with 50 repetitions of the SPSLS separated by 20 nm GaAs barrier layers which have exhibited excellent 5 K CW PL peaks with full
width at half maximum (FWHM) of less than 9 meV. In addition. several samples have shown room temperature exciton features in
absorbance spectra. A synchronously mode-locked Styryl 9 dye laser has been used in conjunction with a streak camera to perform
time resolved PL measurements, thereby determining carrier lifetimes in the samples. We will discuss our results, comparing the
growth conditions as well as the different SPSL.S structures, in terms of the optical data that we have obtained.

There has been great interest in indium-con- alloy: firstly, during the growth of lnAs/GaAs.
taining Ill-V strained-layer superlattice (SLS) accurate control of the InAs and GaAs layer
semiconductor structures because they can exhibit thicknesses yields the desired effective composi-
relatively small in-plane effective hole masses and tion and bandgap. When growing binary com-
hence large hole mobilities. This low effective mass pounds. layer thicknesses can be precisely moni-
can significantly reduce the threshold current in tored by in-situ reflection high-energy electron
semiconductor lasers [1.2] as well as increase the diffraction (RHEED) oscillations [9.101. Fig. I
speed of complementary electronic circuits [3]. In shows RHEED intensity oscillations observed dur-
addition, strained indium-containing compounds ing the growth of one of our samples. Each period
have been investigated because they have absorp-
tion edges at wavelengths associated with low loss
and minimum dispersion in silica fibers, and hence
are compatible with optical communications ap-
plications.

The majority of the previous work involving
indium-containing SLSs on GaAs substrates has GaAs

employed ternary In,Ga, - As compounds 14-6]. 34 SECOND SNAP ML/SEC =0.46 (-0.02)
We have grown and characterized an SLS system A(SEC = 1.32 (-0.0)
which employs only the binary constituents InAs vcmlHR = 0.47 (±0.02)

and GaAs [7,8]. The use of binary compounds has Fig. I. RHEED oscillations from a GaAs spacer layer during
some distinct advantages over the random InGaAs the growth of an InAs/GaAs SPSLS.

0022-0248/91/S03.50 , 1991 - Elsevier Science Publishers B.V, (North-Holland)
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2ML InAs 5ML GaAs we have grown samples containing up to 50 repe-

titions of the SPSLS structure, with adjacent
SPSLSs separated by 14 to 25 nm thick GaAs
barrier layers. These structures are described as
multiple SPSLSs or M-SPSLSs. Fig. 2 depicts a
50-repeition 2 X 5 x 6 M-SPSLS used in our work.

1--10.7 nm--i 20.0nm -Such samples are coherently strained: when ob-

REPEONS serving the photoluminescence (PL) spectrum of
the samples at 5 K, we have measured only a

CAP BUFFER slight increase (- 2 meV) of the linewidth of a
SUBSTRATE 50-repetition 2 x 5 x 6 M-SPSLS compared to a

SURFACE l~m40n

(100) GaAs single repetition 2 x 5 x 6 SPSLS.
GaAs GaAs We have investigated several structures in an

Fig. 2. Schematic diagram of a 2x5X6 SPSLS on a GaAs attempt to obtain high optical quality material
substrate. with various bandgaps (wavelengths). We have

confirmed (for the growth conditions discussed
below) that the critical thickness [11] of InAs on

of the oscillation corresponds to the deposition of GaAs is 2 ML. Depending on the values of i and
one full monolaver of material (i.e. half of a unit ,. different numbers of InAs layers (k in our
cell). In contrast, during lnGaAs growth, reliable notation) can be grown in each SPSLS without
measurement and control of the group II flux relaxation of the strain. The upper limit for k in
ratio is difficult and therefore it is less easy to the 2 X 5 x k structure is not known explicitly.
control the composition, and hence the bandgap, although it lies between 10 and 50, which may he
of the ternary material. Secondly, replacing the determined by comparing the 5 K PL spectra for a
ternary compound with an all-binary one has the 2 X 5 X 10 and a 2 x 5 x 50 SPSLS. The PL peak
effect of reducing or eliminating alloy disorder for the 2 x 5 x 10 sample was centered on 919 nm
scattering, ~hich may improve the transport prop- and had a linewidth (full width at half maximum
erties of the material and remove the alloy-dis- height) of 9 meV, whereas the PL peak for the
order broadening contribution to the absorption 2 X 5 X 50 sample had a much lower peak inten-
line\idth. sity, a line center at 1420 nm and a linewidth of

We have grown various lnAs/GaAs short- 185 meV. Such a large wavelength shift in the PL
period, strained-layer superlattice (SPSLS) struc- cannot be ascribed simply to the loss of quantum
tures. and have employed the notation i xJ x k to confinement in the 2 x 5 X 50 structure, but must
specify the SPSLS. Here, i and / give the thick- be associated with the relaxation of the strain.
nesses, in monolayers (ML). of each laver of InAs The M-SPSLSs have been grown by molecular
and GaAs, respectively. Then k designates the bean epitaxv (MBE) as well as by migration en-
number of layers of the InAs that alternate with hanced epitaxy (MEE) [12]. Excellent results have
the (k - 1) layers of GaAs to form each super- been obtained with both growth techniques if the
lattice. The samples investigated in this work are substrate temperature is held below 530'C during
all 2 X 5 X k: the upper part of fig. 2 depicts a the growth of the M-SPSLS. Furthermore. the
2 x 5 x 6 SPSLS. The 5 ML GaAs layers are too arsenic (As.) overpressure is just adequate to
thin to prevent strong overlap of electron and hole maintain an arsenic stabilized surface. This is
wave functions between adjacent InAs layers, and verified by the observation of a (2 x 4) reconstruc-
therefore each SPSLS can be treated as being, in tion pattern via RHEED. In all of the samples. a
effect, a single quantum well. 400 -500 nm buffer layer is grown with a substrate

Clearly, samples containing many such quan- temperature of 600°C after successfully desorbing
tum wells are required for practical materials or the native oxide layer. Next, the substrate is
devices involving optical absorption. Therefore, ramped down to 530'C in 5 min as we continue
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-two2x5 x 6. one 2x5 x 8, and two2x5x 10
In M-SPSLS samples. Four of the samples were

.I.. P grown by MEE whereas one of the 2 x 5 x 10

Ga samples was grown by conventional MBE. Fur-
Ga thermore, the two 2 x 5 x 10 samples were grown

months apart with the effusion cells recharged

As1 7 11 1J between the growths. All five of the samples con-
l.... tain 20 nm barrier layers between each of the 50

MIGRATION ENHANCED EPITAXY SPSLSs. The run-to-run reproducibility of the
growth is clearly evident: the PL peaks for the two
2 x 5 x 6 structures are essentially indistinguisha-
ble, as are those for the two 2 x 5 x 10 structures.
In addition, the uniformity of the 50 individual

Ga -SPSLSs within each sample is excellent since the
PL linewidths range between 6 and 10 meV

In FWHM for the five samples.
We have examined the optical quality of the

As 50-repetition samples using time resolved PL. Fig.
5 depicts typical 15 K time-resolved PL scans of a

CONVENTIONAL MBE 50 period 2 x 5 x 8 M-SPSLS at various laser
Fig 3. Shutter sequences for convential MBE versus MEE. excitation intensities. The samples were excited

with a frequency-doubled Nd : YAG-pumped.
mode-locked. Styryl 9 dye laser which generates

to grow GaAs. The GaAs growth rate is reduced pulses of 5 ps duration at 810 nm. Photolumines-
from 0.28 nm/s to about 0.14 nm/s at the begin- cence at 915 nm, corresponding to recombination
ning of the substrate temperature ramp. Finally, of the n = 1 heavy-hole exciton. was detected with
the M-SPSLS is grown on the buffer layer by a streak camera operated in the synchroscan mode.
either conventional MBE or by MEE. For the lowest excitation intensity of 1.4 x 105

The shutter sequence for the MEE growth is W/cm2 . which generated an average carrier den-
depicted in fig. 3. Note that the group IlI flux is
deposited in the absence of an arsenic flux in
MEE in contrast to MBE where the arsenic flux is 920 I I I I I
not interrupted during the entire growth. It has
been found that the quality of the MEE grown 918 -

films are strongly dependent on the group Ill
shutter times 1131. Unlike arsenic, the growth of 916

elemental group II constituents (In and Ga) is 914

not self-limiting. Hence, we must carefully control z

the shutter times for the In and Ga in order to 912

deposit an exact ML of material and maintain a
stoichiometric layer. Low temperature (5 K) PL 910 0 MEE SAMPLES
linewidths as narrow as those from the highest S MBESAMPLES

quality MBE grown M-SPSLS samples are ob- 908

tained by careful shutter control while utilizing the 9 1 1

MEE method. 5 6 7 8 9 10 11

Fig. 4 shows the wavelength of the 5 K CW PL NUMBER OF WELLS (k)

emission peaks plotted against number of InAs Fig. 4. Low temperature (5 K) Pt. peak versus number of InAs

layers (k ) for five different 50-repetition samples wells (k I for five different 2 x 5 x k M-SPSLS samples.



T.C. Hasenberg et al / Optical studies of InAs / GaAs on GaAs SPSLS grown by MBE and MEE 391

I = 1.4E7 W/CM2  t= 683 PS pies. Fig. 6 depicts the absorbance spectrum of a.............. .......I =1.4E6 WCM2  
't1 083 PS..... I=1.4E5 W/CM2  
t = 1653 PS 50-repetition 2 x 5 x 8 sample. with tentative

1.0 .identifications for the more prominent features on
0.9 the curve. The peaks corresponding to the n = 1
0.8 conduction band to heavy hole (CIHI) and n = 2

>-0.7
S0.7 conduction band to heavy hole (C2H2) transitions

po06 - indicate the presence of enhanced excitonic ab-
0.5

Z.04 sorption strengths due to two-dimensional con-
.. 03 T.... finement in the sample. In contrast, the feature we

.2 identify as the n = I conduction band to light hole0.1 PL MONITORED AT 915 nm (C] LI) transition is poorly resolved at this tern-

0.0 perature. Similar curves have been obtained for0 200 400 60W 800 1000 12001400 1600 1800
TIME (ps) the 2 x 5 x 6 and 2 x 5 x 10 M-SPSLSs, with cor-

Fig. 5. Time resolved photoluminescence of an InAs/GaAs responding features shifted to longer wavelengths
2 8 M-SPSIS at various excitation intensities, as k increases. This is consistent with the 2 x 5 x k

SPSLS forming a single effective quantum well.
the width of which increases as k is increased.

We have attempted to do standard tight bind-
sitv of 2.1 x 1I cm in the SPSLS, the photo- ing calculations and envelope wave function calcu-
luminescence was observed to decay exponentially lations for these structures in order to determine
with a decay constant 1.65 ns. This long exciton theoretically the wavelengths of the transitions.
lifetime attests to the high quality of the M-SPSLS However, the theoretical wavelength predictions
samples. At higher excited carrier densities, some- are always shifted to the red with respect to the
,Ahat shorter photoluminescence lifetimes were ob- experimental results. We are developing a model
served, along with a clear decrease in the PL which completely accounts for the large strain in
risetime. A detailed discussion of the time-re- these structures by employing deformation poten-
solved PL will be the subject of a future publica- tials. in order to successfully calculate the wave-
tion. length of the transitions.

Room temperature absorption spectra were oh- In conclusion, we have demonstrated that very
tained for each of the 2 x 5 x k M-SPSLS sam- high optical quality (lnAs/GaAs)-on-GaAs sam-

ples with strong excitonic transitions in the 900-
1000 nm wavelength range can be obtained by

0.5 employing the M-SPSLS structure. Clearly. the
0.,C2H2 optical properties depend on the M-SPSLS struc-

ture and not on the growth technique. since strong
0.4CL CH1 room temperature excitonic features have been

observed in samples grown by both MBE and
z 0.3 - MEE. We are presently working on a model to

-" calculate the energy levels in single or multiple
0

0.2 SPSLSs. In addition, we plan to investigate ad-
ditional i xj x k M-SPSLSs by varying j and k

0.1 in an attempt to further vary the emission wave-
lengths of the samples. We intend to incorporate

0the SPSLS as an active region in a GaAs/Al-
° 80  9oo 920 94o 960 98o l00 GaAs-based GRINSCH laser. We expect very low

WAVELENGTH (nm) threshold currents and should easily obtain a 980
Fig. 6 Room temperature absorhance from an InAs/(;aAs nm wavelength which is optimum for pumping

2 , 5 x 8 M-SPSLS. lasers based on Er-doped fibers.
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Strain induced change in band offsets at pseudomorphically
grown InAs/GaAs heterointerfaces characterized
by X-ray photoelectron spectroscopy

Y. Hashimoto. K. Hirakawa. K. Harada and T. Ikoma

Institute of Industrtal Science. Lniver. viu of Tokt'o. 7-22-1 Roppongi, Minato-ku Tokyo 0i6. Japan

We studied the heterojunction band offsets (HBOs) at highly-strained InAs/GaAs( 100) heterointerfaces with an emphasis on the
effects of strain. The core level energy differences between In 4d and Ga 3d levels in InAs/GaAs heterostructures are measured by
in-situ X-ra, photoelectron spectroscopy and found to be only slightly dependent on the substrate lattice constant. The effect of
strain on the core level energies relative to the valence band maxima (VBMI was theoretically taken into account, The determined
valence band offset .AE\ [ = 

E% (InAsI- EN (GaAs)l is 0.53 eV on GaAs substrates and -0.16 eV on InAs substrates, clearly
indicating a large effect of strain on the valence band offset ( - 0.7 eV) in this system.

Recently, the InAs/GaAs short period super- All the samples used in this study were grown
lattice has attracted much attention for its possi- by molecular beam epitaxy (MBE). We prepared
bilitv to replace disordered ln,Gat. As alloy [1]. unstrained bulk GaAs and InAs and two types of
In spite of its importance. only a few works have heterojunctions; i.e. GaAs/lnAs/GaAs double
been done to determine InAs/GaAs heterojunc- heterostructures (DHs) on GaAs substrates (type
tion band offset (HBO) experimentally [2]. The I) and the reversed lnAs/GaAs/lnAs DHs grown
main difficulty arises from the fact that this sys- on InAs substrates (type II). Type-I samples were
tem has about 7% lattice mismatch and that the prepared by growing successively 1 pm thick Si-
critical thickness for generating misfit dislocations doped n --GaAs buffer layer, 2 ML thick undoped
is as thin as 2 monolayers (MLs) [3]. This makes it InAs strained interlayer, and 5 ML thick GaAs
very difficult to determine HBOs accurately by the capping layer on Si-doped n-type GaAs(100) sub-
conventional methods which have been success- strates. The type-l structures were grown on un-
fully applied to the lattice-matched systems. doped n-type InAs(100) substrates in the reversed

In this work, we studied HBOs at pseudomor- growth sequence. The strained interlayer is suffi-
phic InAs/GaAs(100) interfaces by X-ray photo- ciently thin to avoid the generation of misfit dislo-
electron spectroscopy (XPS). It was found that the cations. The capping layers minimize the experi-
core level energy difference AEt between In 4d mental uncertainty originated from the surface
level and Ga 3d level in lnAs/GaAs heterostruc- chemical shift. Samples with clean mirror surfaces
tures only slightly depends on the in-plane lattice were obtained at substrate temperatures around
constant. Furthermore, we took into account theo- 450°C. The reflection high energy electron dif-
retically the strain-induced shifts of the energy fraction (RHEED) patterns were recorded by pho-
distance between the core levels and the valence tographs to ensure that the lattice relaxation does
band maxima (VBM), which were neglected in the not occur in these samples. MBE-grown samples
previou- work [2]. The determined valence band were immediately transferred to the XPS chamber
offset AE, is found to be strongly dependent on via the ultra high vacuum transfer tube. XPS
the in-plane lattice constant and is compared with measurements were performed with a monochro-
recent experimental and theoretical results [2,4]. matic Al K a X-ray source (h' = 1486.6 eV).

0022-0248/91/$03.50 " 1991 - Elsevier Science Publishers B.V. (North-Holland)
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Table I
Measured and calculated energy differences (in eV)

Sample Ej
o a AECL Ec

s  E,, E' EE'

GaAs 18.75 ±0.05 18.53 -0.17 0.59 0.86

InAs 17.36 ± 0.05 17.25 0.39 0.18 0.90

InAs/GaAs (type I) 1.64±0.02
GaAs/InAs (type II) 1.60±0.02

First, we measured the core level binding en- and type-Il samples, respectively, only slightly de-
ergies relative to VBand on pending on the in-plane lattice constant.
MBE-grown unstrained bulk GaAs and InAs sam- Fig. 2 shows schematic energy band diagrams
ples. respectively. (Superscript 0 denotes the un- at InAs/GaAs heterointerfaces grown on GaAs
strained bulk values.) The energy positions of core substrates (fig. 2a) and on InAs substrates (fig.
levels and VBM were determined in the same 2b). The valence band offsets A Ev[ Ev(InAs) -

manner as described in ref. [2]. Obtained values of Ev(GaAs)] can be obtained as follows:
E,,'3 and Ev, are tabulated in table 1.ln dA v= -- E vao + E ins + A E

The core level energy distance AEcL between A Ev - 0 + + CL

In 4d and Ga 3d levels was obtained from XPS for GaAs substrates, (1)
measurements on DH samples. A typical core A EvS+EvOAE

level XPS spectrum of a type-I InAs/GaAs DH is In4d

shown in fig. 1. We carried out three independent for InAs substrates. (2)
experiments for each type of structure. Least Here. vs acHrE~a3d and Evs, are the core level energies
squares fitting by the reference spectra of Ga 3d r th n

and In 4.d core levels was used to separate the two

closely-spaced core levels. The determined A ECL (Superscript S denotes the values for strained

was 1.64 + 0.02 eV and 1.60 ± 0.02 eV for type-I

FF.

0.38 eV ac c = 0.08 eV

AEv = 0.53 eV 
AE, 0.16 eV

.6 1h

__L E5 //)~ ///_

- Ev

AC hi:-F~
Ev .EC,

_F CVS SE VOAl I EV03d ECVS nd

1464 1465 1466 1467 1468 1469 ,nQ Eln a

Kinetic Energy (eV). .cL

Fig. 1. A typical XPS spectrum measured on an InAs/GaAs T T-
heterostructure grown on a (100) GaAs substrate (type-I sam- GaAs InAs GaAs InAs
pie). The background function is subtracted as described in ref. (a) lnAs strained (type-I) (b) GaAs strained (type-Il)
[21. The dots are the XPS data and the solid line denotes the
curve obtained by fitting with the reference spectra of Ga 3d Fig. 2. Schematic energy band alignments at lnAs/GaAs het-
and In 4d core levels measured on bulk samples (broken lines). erointerfaces grown (a) on GaAs substrates and (b) on InAs

The inset shows the sample structure, substrates.
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layers.) Although Eco, Ev 4 . and AECL are Table 2

measurable quantities by XPS, it is very difficult Determined band offsets (in eV); AEcv, AEhh and AEjh
tO det e VS and vs edenote the offset in CVBM, the heavy hole band and the light

to determinfe E'a3d and experimentally. In hole band, respectively: AEv represents the offset of VBM
trnad and AE c denotes the conduction band offset defined by

placed with their unstrained values. However, this AEC -- Ec(InLAs) - Ec(GaAs)

approximation is not always correct. Therefore, InAs strained case GaAs strained case

the key point in predicting HBOs in the strained (type 1) (type 11)
InAs/GaAs systems is to estimate Evsd and E A Ecv 0.25 0.30
accurately by theoretical considerations [5]. a E,, 0.53 0.60

The biaxial strain associated with pseudomor- AE,, 0.32 -0.16

phic epitaxy can be decomposed into the hydro- AEv 0.53 -0.16

static part and the uniaxial part. Van de Walle AEc -0.38 -0.08

and Martin have theoretically shown that the en-
ergy difference between the centroid of the va-
lence band maximum (CVBM) and the core level Consequently, large A Ev of 0.53 eV and A E.
is influenced by the hydrostatic part, and that the of 0.38 eV are obtained for type-I structure, as
uniaxial part splits VBM around CVBM without shown in fig. 2a. In this case, the top of the
shifting the centroid [6]. valence band in InAs is the heavy hole band. In

First, we consider the effect of the hydrostatic contrast, a characteristic band alignment is ex-
part of the strain. Within the framework of the pected for type-lI structure (fig. 2b), where the
tight binding (TB) theory and the Z + I ap- light hole (heavy hole) band in GaAs layer is
proximation [7], we calculated the strain-induced higher (lower) than VBM in InAs by 0.16 eV (0.60

shift AE' v in the core level binding energy rela- eV), and AE c is 0.08 eV. These results are sum-
tive to CVBM. Eccv [8]. The calculated value of marized in table 2. It should be noted that AE,
.A E.L'' is + 0.02 eV for compressed InAs (type I) shows a very large dependence (- 0.7 eV) on the
and -0.11 eV for tensile GaAs (type II). Ecvs is in-plane lattice constant.
then obtained by EvoEL + Ar4kv. Here, E5,v'W is It would be very interesting to verify such a big
given by (E - A ,,/3), with A, the spin-orbit change of AEv in the valence band density-of-
splitting energy (0.34 eV for GaAs and 0.38 eV for states (VBDOS) spectra measured by XPS. How-
InAs). Obtained EC ,s is also tabulated in table 1. ever, this is very difficult due to the fact that the
By combining E(j' s with experimentally obtained XPS signals from the VBDOS in type-I and type-l
AECL. the offsets of CVBM, AEcv, are de- samples are dominated by the bulk GaAs and
termined to be 0.25 eV on GaAs substrates and InAs VBDOS signals, respectively, since the inter-
0.30 eV on InAs substrates, which show about layer thickness is limited to be less than 2 MLs.
0.05 eV dependence on the in-plane lattice con- Kowalczyk et al. obtained AE v of 0.17 eV by
stant. XPS measurements on an InAs/GaAs single het-

Furthermore. the uniaxial part of tne strain erojunction [2]. The discrepancy between our re-
splits the three-fold degenerate VBM into heavy suit and the result by Kowalczyk et al. is consid-
hole (hh), light hole (lh), and spin-orbit split off ered to arise from the lattice relaxation in their 20
(so) band around the CVBM. With the shear A thick InAs layer. Cardona and Christensen, on
deformation potential constant b, we calculated the other hand, predicted A Ev to be 0.52 eV (on
the shifts of energy positions of heavy and light GaAs substrates) from their dielectric midgap en-
hole bands relative to CVBM, E h and E u [61. To ergy theory [4]. which is in excellent agreement
obtain the conduction band offset AEc, the en- with our AEv of 0.53 eV.
ergy position of the conduction band minimum In summary, the valence band offsets at strained
relative to CVBM, EcS, was calculated by using InAs/GaAs heterojunctions were determined for
the hydrostatic deformation potential constant a. lnAs/GaAs heterostructures grown on GaAs and
These values are also tabulated in table 1. InAs substrates. The core level energy difference
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Structural stability of ultrathin InAs/GaAs quantum wells grown
by migration enhanced epitaxy

Mitsuaki Yano, Kanji Yoh, Takanori lwawaki, Yoshio Iwai and Masataka Inoue
New Material Research Center. Osaka Institute of Technologt. Asahi-ku Ohmiva. Osaka 535, Japan

In order to study the strained-structure of InAs films on GaAs substrates. photoluminescence (PL) properties have been examined

for ultrathin InAs/GaAs single quantum well (SQW) structures grown by migration enhanced epitaxy. Observed PL spectra from

SQWs are discussed in conjunction with in-situ monitored growth conditions of the heterostructure by using reflection high energy

electron diffraction. Rapid thermal annealing on the grown samples has been performed to understand the stability of strained

heterostructure. By the PL analysis on the annealing effect, the critical thickness for the stably strained heterostructure is determined

to be 2-3 MLs and nearly I ML for samples grown at 520 and 420 0 C. respectively.

1. Introduction is close to the critical thickness expected for the
pseudomorphic growth of InAs. In previous works.

An ultrathin InAs layer clad with GaAs is one however, the relationship between the PL spectra
of the typical examples of highly strained hetero- and the microscopic structure has not been under-
structure because InAs has a 7% lattice mismatch stood sufficiently.
to GaAs. The initial growth stage of heteroepi- In this paper, we report PL properties of ultra-
taxial InAs on GaAs by molecular beam epitaxy thin InAs/GaAs SQW structures prepared by
(MBE) has been studied by many workers trying migration enhanced epitaxy (MEE). The growth
to understand the pseudomorphic two-dimen- condition was monitored by RHEED to study the
sional (2D) growth. For instance, Nakao et al. interface structure in relation to the PL properties.
experimentally determined the critical thickness to Observed PL spectra were compared with calcula-
be 1.5 monolayers (MLs) for the pseudomorphic tions to understand the electron recombination in
growth of InAs on GaAs by using reflection high- the quantum well structure. In order to study the
energy electron diffraction (RHEED) [1]. Re- stability of strained-structure, we examined the
cently, photoluminescence (PL) analysis has been effect of annealing on the PL spectra for these
performed for ultrathin InAs/GaAs single quan- SQWs.
tum well (SQW) structures prepared by various
growth techniques such as metalorganic chemical
vapor deposition (MOCVD) [2-4] and MBE [5].
However, different PL energies were reported for 2. Growth condition
SQWs with the same thickness of InAs. For in-
stance, the PL energy from SQWs with 2 MLs of The heterostructure, with ultrathin InAs layer
InAs in ref. [31 is about 1.46 eV which is more capped by a 5C nm thick GaAs layer, was grown
than 100 meV higher in comparison with the re- on a (100) surface of Si-doped GaAs by using
suit in ref. [4]. This considerably large discrepancy ANELVA-620 type MBE apparatus. Two series of
has not been explained reasonably yet [6,71. There SQWs, grown at T = 420 °C and 520 °C, were
are some possibilities that this discrepancy is due examined to understand the effect of growth tem-
to the structural difference of InAs layer in an perature. We have grown these heterostructures by
atomic scale because the well width of these SQWs MEE because it is known as a powerful technique

0022-0248/91/$03.50 ,C 1991 - Elsevier Science Publishers B.V. (North-Holland)
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Ga InAs was grown by introducing a pulse of In
JLJLt II LJl_- between those of Ga.

I Typical RHEED patterns of the growing surface
are shown in fig. 2. in which the growth tempera-
ture was controlled to be 520°C. The recon-

As JL L L L L structed (2 X 4) As pattern of fig. 2a was observed
Time from the GaAs surface before the deposition of

Fig. 1. Timing of molecular beams during the growth of SQW InAs. The same pattern shown in fig. 2b was
structures. Illustrated is the case of 2 MLs growth of InAs continued during the deposition period of InAs as

bniween GaAs. far as the thickness was less than 2 MLs. This
reconstructed pattern disappeared after 3 MLs of

to realize high quality epitaxial layers even at low InAs growth although the elemental diffraction
growth temperatures [8]. We can also control the continued to be streaky, as shown in fig. 2c. After
thickness precisely by MEE in the growth of ultra- depositing 4 MLs of InAs, the elemental diffrac-
thin SQW structures. Fig. I shows the typical tion changed to a spot pattern, as shown in fig. 2d.
timing of molecular beams used for the 2 ML These results indicate that the critical thickness is
growth of InAs between GaAs. The short period between two and three monolayers for the present
of pulses. such as 2.4 s, was taken to form just one 2D growth of heteroepitaxial InAs. The interface
atomic plane of the respective materials. Under strain due to the lattice-mismatch will be relaxed
these conditions, a precisely controlled 1 ML of to form a 3D island structure as the thickness of

Fig. 2. RHEED patterns from the growing surface of InAs on GaAs: (a) is the pattern from GaAs before the deposition of InAs; (b),
(c) and (d) are patterns from InAs surface with the controlled thickness of 2 MLs, 3 MLs and 4 MLs. respectively.



M. Yano et al. / Structural stabifity of ultrozhin In4s/Ga4s QWs grown b . MEE 399

InAs exceeds the critical value. When the SQWs 4MLs 3MLs 2MLs IML

were grown at T = 420 ' C, the change from streak 12K

to spot occurred at the same thickness, 3 MLs.
The streak pattern from 1 or 2 MLs of InAs,
however, was not so sharp in comparison with the
case of T=520'C. This result of T =420'C C
should imply that deterioration of the 2D
strained-structure has been introduced into these
films below the apparent critical thickness.

1.0 1.1 1.2 1.3 1.4 1.5 1.6
Photon Energy (eV)

3. Analysis of PL spectra Fig. 4. PL spectra from SQWs with different thickness of InAs.
These SQW structures were grown at T, = 420 o C.

We measured PL signals from these SQWs at
12 K under the excitation of the 632.8 nm line of a
He-Ne laser. Fig. 3 and fig. 4 show typical PL heterointerface is deteriorated abruptly at 3 MLs
spectra from SQWs with 1-4 MLs of InAs, of when the SQW structure is grown at T, = 520 'C.
which growth temperatures were controlled to be On the other hand, fig. 4 indicates that rather
520 and 420°C, respectively. At T7 = 520'C, gradual deterioration has been introduced at 1
single sharp emissions were observed from the ML of InAs when we use a growth temperature of
respective SQW structures with thin (1-2 MLs) T = 420'C. This thickness dependence of PL
InAs quantum wells. With increasing the quantum spectra is consistent with the above-mentioned
well width (3-4 MLs), the spectrum became RHEED observation.
broader, as shown in fig. 3. For samples grown at In fig. 5, we summarize the peak energy of PL
T = 420'C, however, spectra from SQWs with spectra as a function of the well width. Solid
1-2 MLs of InAs became much broader than the circles denote the peak energy observed from sam-
case of T = 520* C, as shown in fig. 4. Broad- pies grown at T = 520 °C. Solid squares indicate
ening of the PL spectrum is a reflection of the the case of T, = 420'C. The dashed lines are
interface roughness in the SQW. Hence, SQWs drawn to guide the eye. The solid line is the
with broad PL emissions should have a 3D hetero- theoretical result estimated for the electron transi-
interface caused by the imperfect 2D growth of tion energy in quantum wells by using the effec-
InAs. As shown in fig. 3, the high quality of the tive mass approximation. In the calculation, we

assumed the band line-up to be a completely
strain-relaxed structure, as shown in the inset of
fig. 5 [9]. The conduction band discontinuity is

2MLs determined from the difference of electron affini-
" 4MLs 3MLs IML

12K 1 ties between the two semiconductors. GaAs and
/ InAs. For the case of , = 520 * C, we can see a

* considerable decrease of PL peak energy at 3-4
MLs. On the other hand, continuous decrease is
observed for samples grown at T, = 420* C. Be-I/
tween I and 3 MLs, the PL energy for samples
grown at , = 520 ° C clearly lies above the case of-J

T = 420 * C. This result seems to be caused by the
1.0 1.1 1.2 1.3 1.4 1.5 1.6 structural difference of InAs epitaxial layers. At

Photon Energy (eV) T,=420°C, considerable part of the interface
Fig. 3. PL spectra from SQWs with different thickness of lnAs. strain might be relaxed, independent of the well

These SQW snactures were grown at T- 520 0 C. width because the peak energy is close to the
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1.6 is grown at low temperatures, relief of the inter-
[As-grown Anaa d face strain could start at one monolayer of InAs.

rT.-520'c • The temperature-dependent relaxation mode has

1.5 T-420"Cl N 0 also been known for MBE grown Ino0 35Ga0 65As
Ref3 oRef.3 o heteroepitaxial layers on GaAs substrates [10]. In

5"" '. " ref. [10], it is reported that the change of lattice
1.4 constant at the critical thickness becomes gradual

*\ \ with decreasing growth temperature. Such a grad-

\ ual relaxation at low growth temperature has been
1.3 explained by the insufficient kinetic energy of

\ 1., ' oimpinging atoms to reach the free-energy mini-

s nAs Ga s ' o mum on the surface and to form reasonably

1.2 0.84 V strained heterostructure. Hence. SQW structures
j grown at low temperatures are expected to be
a- -metastable for thermal processing.

1.1 017 eV -lh In order to examine the stability of heterostruc-
I -Lv ture. we have annealed our SQWs at 800 0 C for 3

Strain-Relaxed Case s by using rapid thermal annealer. The PL peak

1.01 energy after anneal is shown in fig. 5 by open

0 1 2 3 4 5 6 symbols. For samples grown at T, = 520 C. the
PL spectra did not show any appreciable change

Well Width (ML) by the annealing when the thickness of InAs was
Fig. 5. PL energy from SQWs as a function of the thickness of less than 3 MLs. The annealed sample with 3 MLs
InAs. Symbols show experimental results. Solid and open of InAs showed double peaks in PL spectra; one
symbols show the results for our samples before and after the with the original peak energy and the other with a
annealing (800 0 C. 3 s), respectively. The dashed lines are
drawn to guide the eye. The solid line is the calculated energy slightly increased energy. For samples grown at
of intersubband transition in the strain-relaxed SQW structure. T = 420 ° C, on the other hand.. the PL energy was
Band line-up assumed for the calculation is shown in the inset, shifted by the annealing even if the thickness of

InAs was less than 3 MLs. When the thickness
exceeded 3 MLs. the peak energy after anneal
shifted to the higher energy side which was close

theoretical curve calculated for the strain-relaxed to that of the annealed samples grown at 7T,
case. On the other hand. SQW structures grown at 520 ° C. Narrowing of the PL line-shape was also
T, = 520 *C could be strained by the lattice-mis- introduced by the anealing. Such spectral changes
match as far as the thickness of InAs is less than 3 are presumably due to the reordering of InAs
MLs. layer during the annealing, from metastable to

In fig. 5, we have also shown the experimental stable strained-structure. Another explanation may
results reported by ref. [31 and ref. [41 for compari- also be possible for the spectral change, by assum-
son. Both samples in ref. [3] and in ref. [4] were ing the intermixing of In and Ga atoms at the
grown by MOCVD. The giowth temperature used InAs/GaAs interface, since InGaAs has a greater
in ref. [31 is 730 0 C which is 230 0 C higher than band-gap energy than InAs. In this explanation.
that of used in ref. [4]. Our experimental PL abnormally fast diffusion of In atoms may be
energies of T, = 520°C and T, = 420°C are close required in the strain-relaxed region [111. In either
to those in ref. (3] and in ref. [4], respectively, explanation, it is concluded that the strained-
Indeed there should be some difference in growth structure is stable as far as the thickness of InAs is
mechanism between MEE and MOCVD; it is less than the limit of pseudomorphic growth. The
indicated that the PL energy increases with the critical thicknesses determined from the PL peak
growth temperature, i.e.. when the heterostructure energy shift by the heat treatment are 2-3 and
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nearly 1 M L for samples grown at 520 and 420 0'C. and by Grant-in-Aid for Scientific Research from
respectively. The Ministry of Education. Science and Culture.
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Fabrication and characterization of MBE grown InAs/GaAs
strained-layer superlattices on variously oriented substrates

Kazuhiro Kudo, Jong Sik Lee, Kuniaki Tanaka
Fatculv of Engineering, Chiba UniwersitY. 1-33 Yayoi-cho, Chiba 260. Japan

Yunosuke Makita and Akimasa Yamada
Elecirotechrncal Laboraiorv. 1-1-4 Umezono, Tsukuba-sh. Ibaraki 305. Japan

InAs/iGaAs strained-layer superlattices (SLSs), grown by molecular-beam epitaxy on variously oriented GaAs substrates, have
been investigated. X-ray diffraction and photoluminescence (PL) studies reveal the formation of coherent SLS and microstructures
due to the three-dimensional nucleation is strongly dependent on the substrate orientation and the growth parameters. The
relationship between PL spectra and growth modes and potential applications of self-aligned microstructures, including quantum
p ,rarids. are described.

I. Introduction the formation of the microstructures and the de-
pendence on the substrate orientation and the

Epitaxial growth of strained-layer superlattices growth conditions.
(SLSs) on variously oriented substrates is of inter-
est for the fundamental understanding of growth
phenomena and also in relation to the develop-
ment of optoelectronic devices. The fabrication of 2. Experimental procedures
microstructures, such as quantum wires [1.2] and
quantum boxes [3.4], is expected to lead to the All the samples used in this study were grown
realization of a variety of devices using lateral by a usual molecular beam epitaxy (MBE) system.
quantum confinement. Two approaches reported Cr-doped (100)A, (711)A. (311)A, and (111)A ori-
in this field are the methods using lithography ented GaAs wafers were used as substrates. After
[5,61 and epitaxial growth on vicinal substrates the chemical etching of the substrates, a set of
[7,81. In particular, the fabrication of self-aligned four differently oriented substrates were mounted
microstructures using critical thickness due to mis- on a molybdenum block and SLS were grown at
match [9] and the migration of atoms on misori- the same time. The growth process is as follows.
ented substrates [7.8] is a promising technique for First, a 0.5 jAm GaAs buffer layer was grown.
future devices. Among highly strained systems. Next, InAs and GaAs layer were alternately grown
InAs/GaAs is particularly interesting, since two for 4 and 40 s, respectively. Before and after the
or three-dimensional nucleation due to 7% lattice growth of the InAs layer, the growth was inter-
mismatch takes place over a critical thickness of rupted for 8 s to enhance the migration of atoms.
2-3 monolayers [9-11]. In order to examine the influence of the SLS's

In this report, we describe the growth and growth periods on the surface features and the
characterization of InAs/GaAs SLSs on variously optical properties, one, five, and twenty period
oriented GaAs substrates. Photoluminescence (PL) InAs/GaAs SLSs were fabricated. The growth
and X-ray measurements were made to investigate temperature, T, was varied between 400 and

(1122-0248/91/S03.50 ,- 1991 - Elsevier Science Publishers B.V. (North-Holland)
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550'C. The flux ratios of As 4/Ga and As 4/In were measured using a liquid-nitrogen-cooled Ge
were 3 and 20. respectively, and the growth rate of detector.
the GaAs layer was about I jtm/h. From the
experimental evaluation, the thicknesses of the
InAs well and the GaAs barrier layer were 3-15 A 3. Results and discussion
(1-5 monolayers) and 200-300 A (70-80 mono-
layers), respectively, and these values strongly de- 3. 1. Surface morphology of epitaxial layer
pend on T,.

Double-crystal X-ray diffraction patterns were Surface morphologies of lnAs/GaAs SLSs were
obtained using Cu Ka, radiation. PL measure- varied depending on both the growth temperature
ments were carried out at 77 K, using the 514.5 and the substrate orientation. Fig. I shows typical
nm line of an Ar * ion laser for excitation. In this scanning electron microscopy (SEM) images of the
report we are interested in the emission from normal view of the sample surface. The SEM
ultra-thin InAs quantum-wells and microstruc- images in figs. la-ld correspond to the twenty
tures, including defects: hence the PL spectra in period SLSs, grown at 475'C on (100)A, (711)A.
the wavelength range between 800 and 1500 nm (311)A, and (I1)A GaAs substrates. A smooth

Fig. 1. Surface SEM images for the samples grown on (a) (100)A, (b) (711 )A. (c) (311 )A and (d) (111 )A GaAs substrates at 475 'C.



404 K. Kudo et al. / Fabrication and characterization of MBE grown lnAs / GaAs SLSs

and featureless surface was achieved on (100) and at 77K grown at 5001C
(711) substrates and in the T, range of 400 to ,368ev
550'C. However, submicron size pyramid struc- "

tures, as shown in figs. Ic and Id, were observed ; "

on the surface of the SLS grown on (311) and ,90mev 0n(111)
(111) substrates. The size and the shape of these IX0

microstructures are closely related to the growth 2
conditions and the substrate orientation. 1' HM

-1479,z! 00mev on (311 )

3.2. X-ray diffraction patterns L _. I- x

X-ray diffraction patterns of the twenty period
SLS grown on a (100) substrate are shown in fig. .n 13)2X10

2. In this case. X-ray diffractions made around a 7 FWHM= 09r X 1

(422) reflection are shown as a function of T. The ,73ev
sample grown at 5000 C exhibits the most well-de-
fined and sharp X-ray satellite pattern, which in- 0 × 1
dicates that coherent SLS structure is realized in 800 1000 1200 1400
the epitaxial layer. The zero-order satellite peak WAVELENKTH (nm)
shifts towards the GaAs substrate peak at higher Fig. 3. Photoluminescence spectra of the twenty period SLSs

growth temperatures. However. the satellite peaks grown on (100). (711). (311), and (111) GaAs substrates at

vanish in the sample grown at 550'C. This phe- 5°0°C

nomenon can be easily explained by the fact that
the desorption of In atoms and the revaporization
of the InAs layer are enhanced at higher T,. On the other hand, the satellite peaks of the samples

grown at T, lower than 475 ' C suddenly change to
a broad and smeared shape. These results indicatearud GaAs (422) GOA

rod,(o) that three-dimensional nucleation takes place and

the effect of disorder is thought to be strong. The
x-40 ___ variation of the InAs layer thickness and the

three-dimensional nucleation with T are in good
052t agreement with the results of PL measurements.

SSimilar results are obtained for the samples grown

on (711) and (311) substrates. However, none of
x. the samples grown on (111) substrates showed

clear satellite patterns. This might be attributed to

x2 4751C the surface roughness of the epitaxial layer, as
shown in fig. Id.

x 20 1 3.3. Photoluminescence spectra

,Figs. 3 and 4 show the PL spectra at 77 K for
x20 4 Othe samples grown at 500 and 475 * C. respectively.

_.) As shown in fig. 3, a sharp peak at around 1.47 eV

820 830 84.0 850 is dominant for the samples grown on (100) and
2E)(deg) (711) substrates. However, this peak is weak for

Fig. 2. Xra diffraction patterns of the twenty period SLS the sample on the (311) substrate and completely
grown on (100) GaAs substrate, disappears for that on the (111) substrate. On the
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contrary, the broad peak in the lower energy re- at 77K (771) ubstrate
gion between 1.29 and 1.37 eV becomes larger for 14/ V grown at 4751C
the samples grown on the substrate tilted towards I 339ev

the (111) orientation. In fig. 4. it may be noticed x5000
SFWHM

that more than two broad peaks are observed for \ r H9M 1 period
all the samples grown at 475C. These critically 7 1r

depend both on T. and on the substrate orienta- x500
tion for T, in the range of 475-500°C. The sam-
pies grown at higher and lower T, show no clear 1 339ev

dependence on the substrate oientation. The peak LU163/
at the high energy side shifts towards higher en- 1F 0 WHM V 5 period
ergies with increasing T. The emission energy of J_
1.50-1.44 eV corresponds to the SLSs with an Q_ I __ .500

lnAs well between zero and two monolayers [10,11]
and the energy shift is in good agreement with the 39 2v 20period
thinning of InAs layers at high T. The experimen- 1440w f

ev_, 52me, \
:
3

9 °  
xl

tal results demonstrate that the InAs layer is fully 5--

strained for up to 2 monolayers and that three-di- 800 1000 1200 1400
mensional nucleation takes place beyond 2 mono- WAVELENGTH (nm)
layers as reported by other authors [9-11]. More- Fig. 5. Photoluminescence spectra of the SLSs with 1, 5, and 20

over. the nucleation occurs at the initial stage of periods. The samples grown on (711) substrate at 475 C.

the growth with the substrate tilted towards (111)
orientation.

In order to determine whether the number of we have measured the samples with 1. 5. 20 period
the SLS's period has any effect on the PL spectra. SLSs. Fig. 5 shows typical PL spectra for samples

grown on a (711) substrate at T, of 475°C. As is
clear from the figure, though a strong and sharp

at 77K grown at 4751C peak at higher energies is dominant for the single
quantum well (one period) structure, the intensity1 ,04

. 
! 338ev

ei of the broad peak at lower energies increases as
,,, on (~i ) 1the period increases and an additional new peak at

. 20 I1.126 eV appears for the sample with 20 period.
1457- 'The origin of the broad peaks at the low energies

l ,3,9ev is directly related to the generation of three-di-
, on (311 mensional nucleation. However, the microstruc-

z x 4 tures due to the three-dimensional nucleation
1319ev ii26,v might be too small to be observed in the SEM

Z
1440 H on (71 1 image, as shown in fig. lb. Whether the emission

_j s .... xl comes from microstructure or misfit dislocations
1 1 15. 65e cannot be determined fully; however, distinguish-

r 1W0 ing characteristics were observed in polarization
"--5,, on 100) resolved PL spectra. A strong anisotropy in rela-

11. /1/mev x tion to the direction of the micro-pyramids was
observed in the emission at around 1.3 eV for the800 1000 1200 140

WAVELEG3TH(nm) samples grown on (311) substrates. From this re-

Fig. 4. Photoluminecence spectra of the twenty period SLSs sult, we conclude that the emission at around 1.3
grown on ',100) (711). (311), and (111) GaAs substrates at eV is closely related to the formation of a self-

4750 C. aligned micro-pyramidic structure. However, the
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Indium desorption during MBE growth of strained InGaAs layers

J.-P. Reithmaier *, H. Riechert, H. Schl6tterer
Siemens Research Lahoratores. Otto-Hahn-Ring 6. W-8000 Miinchen 83, Germany

and

G. Weimann
KI alter Schottki Institut. Technische Universiiit. W-8046 Garching, Germany

We have investigated the In desorption during growth of pseudomorphic InGaAs/GaAs SQWs at various substrate temperatures
(i0 -700°C) and In contents (5-45%) by photoluminescence and transmission electron microscopy. We present data about
temperature dependent growth rates at different In contents. The evaluation of these data shows a strain dependent activation energy
for In desorption. which at the low strain limit approaches that of unstrained relaxed InGaAs layers- Our results are in agreement
with published data of growth investigations of InAs on GaAs. TEM images of highly strained InGaAs lavers show a temperature
range. where three-dimensional growth dominates, even for thicknesses far below the critical thickness.

I. Introduction about In desorption during submonolayer growth
of InAs on GaAs [2] are in agreement with our

In applications of MBE growth, where high values of relaxed (unstrained) samples, and corre-
optical material quality is required. especially in sponding data during growth of a few monolayers
heterostructures with Al-containing layers, elevat- of InAs [3,4] agree very well with values which we
ed growth temperatures are used, at which a sig- obtain from highly strained samples.
nificant reevaporation may occur. Of the group III With transmission electron microscopy (TEM)
atoms used, In is most critical with respect to we have investigated the morphology of the inter-
desorption because it has the lowest binding en- face region. In samples with high In content we
ergy to As [1]. For a more accurate growth control could observe a temperature range. where three-
in the high temperature region a better under- dimensional growth dominates even for well thick-
standing of the In desorption and growth be- nesses below the critical layer thickness of Mat-
haviour is necessary. thews and Blakeslee [5], while for lower In content

We present a systematic investigation about no growth defects or significant interface rough-
strain dependent In desorption behaviour during ness are detectable over the whole investigated
MBE growth parameters generally used for device temperature range.
applications (growth rate = I Mm/h, V/Ill beam
flux ratio > 10). At the low strain limit, we find
overall activation energies for In desorption dur- 2. Experiment
ing InGaAs growth which are comparable with
values from unstrained InGaAs. Published data We have grown pseudomorphic InGaAs/GaAs

single quantum well structures on semi-insulating

Present address: IBM Research Laboratories, Saumerstrasse (100) GaAs substrates in a VG V80H molecular
4, CH-8803 Riischlikon. Switzerland. beam epitaxy system with elemental sources. Each

0022-0248/91/S03.50 1P, 1991 - Elsevier Science Publishers B.V. (North-Holland)
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sample consists of about 10 wells with 1 or 3 3. Results and discussion
reference wells grown at low temperature (=
500 ' and the other wells grown at different Fig. I shows a PL spectrum of a sample with an
higher temperatures (increased by a certain value In concentration of 5% at low growth tempera-
from well to well). The growth temperature of the tures. The sample consists of three reference wells
60 nm thick barriers was always constant at grown at 510'C and 7 wells grown at increasing
600 'C. The temperature change was made at the temperatures. The well thickness is 20 nm. Each
beginning and at the end of each barrier with fast PL peak corresponds to a well grown at one
ramps. The surface temperature of the In-free temperature. We reach line widths which are sig-
mounted substrate was measured by a short wave- nificantly lower than 1 meV and which show the
length pyrometer during growth and calibrated high optical quality of the sample. Also for sam-
before each run at the desorption point of the pies with higher In content, the peaks are well
native Ga oxide (582°C [6]). The growth rate was resolved, which can be seen in fig. 2. This PL
around 1 [Lm/h and the beam flux ratio > 10, spectrum was measured from a sample with an In
which are generally used growth parameters for concentration of 24% and a we' 1 v "th of 5 nm for

device applications. No growth interruptions were the reference well.
applied. From the PL transition energies we can deduce

Photoluminescence (PL) measurements were the In concentration according to calculations pre-
performed at low temperature (< 2 K) and with viously published [8]. For samples with higher In
an excitation power of a few W/cm2 . The TEM concentrations and small well widths ( < 10 nm), a
images were made on cleaved wedge samples [7]. self-consistent procedure was applied for the

25............... i . .. .. .. . .........
589 1C

580 "C 1.759
1.4712 599 C 617 'C

20 L 14818 L9
571 C

563C .4M

15 510 C 1.4659
1.4622

086 608 C
..) omeV 1.4886 084

= to 0 72 meV meV

5 x 20

1.46 1L47 1.48 1.49L5

Energy (eV)
Fig. 1. PL spectrum of an InGaAs/GaAs sample with a sequence of SQWs grown at different temperatures (values above each peak
position). The starting In concentration was about 5% and corresponds to the PL peak grown at 5100 C. PL was performed at 2 K

with an excitation power of 1.5 W/cm2.
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1.4130

0.20 608 C
L.4361

550 5
1.3508

r60.15

559 Ic 578 -C 588 -C
_ 510 I3607 .3789 1.3954 56meV

,-- lO568 .C-.3 1.3387 . 40
= 0.1E 568 T meV

_95 60
meV

0.05

0.00 1
1.32 1.34 1. 36 1.38 1.40 1.42 1.44

Energy (eW
Fig. 2. PL spectrum of an InGaAs/GaAs desorption sample with a starting In concentration of 24% and a well width of 5 nm.

evaluation, which takes into account the decreas- was made. while for higher temperatures the GaAs
ing well width because of In loss. For tempera- growth rate was corrected according to results of
lures below 640 0 C the assumption of no Ga loss Van Hove and Cohen [9] neglecting strain effects.

A41.8 46% A

"a,

' 1.4

C) 24%

'" 1.2

GA

___ I n c, 1, r,

520 560 0 640 68O

Growth Temperature (°C)
Fig. 3. Dependence of the InGaAs growth rate on the growth temperature for different starting In concentrations (percentage values).
The growth rate is normalized to the GaAs growth rate for low temperatures (no Ga loss). For comparison, the GaAs growth rate

(solid line) is added which was measured from Van Hove and Cohen 19).
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The deduced growth rate, normalized to the GaAs Table 1

growth rate at low temperatures, is plotted versus Activation energies E. for In desorption during MBE growth
of InGaAs on (100) GaAs deduced from PL measurements;

the substrate temperature in fig. 3 for four sam- the first line corresponds to the desorption experiment with

pies with different starting In concentrations (con- relaxed unstrained InGaAs samples with an In s'arting con-
trolled by the incident In/Ga flux ratio). For centration of 12M the lattice mismatch t was calculated

comparison, the experimental curve from Van according to Vegard's law (linear dependence on the In con-

Hove and Cohen for GaAs growth is added. For tent); the activation energies were evaluated using the Arrhenius

high In concentrations and growth temperatures plot of fig. 4

above 640 C. the InGaAs growth rate shows, as In content I = a/a(j, E

expected, a strong dependence on the temperature, (%) (() 1eV)

which makes it difficult to control the growth. 0.6-12 (Relaxed) 2.60± 0.3

From the calculated In concentration of each 2.8- 4.9 0.20-0.35 2.74±0.3
4.4- 91 0.32-0.65 2.65 + 0.3

well we can deduce the desorption part from the 13.5-21.7 0.97-1.55 1.87+0.3
following rate equation: 33.1-43.4 2.37-3.11 1.44±0.5

r-tid.f, = rd,,o,, + r,, , . (1)

where is the InAs growth rate. rincide, the In/Ga flux ratio and x as the measured In con-
rate equivalent to the offered In beam flux and tent of each well.
rdeowt .the desorption rate which can be ex- These values are shown in an Arrhenius plot in
pressed as fig. 4. where we can calculate the activation energy

x" - x E,, by a linear fit. For the evaluation a comparable
0 . - r , (2) temperature range was used for all samples.

- ,The activation energies are listed in table 1. The

with the GaAs growth rate r0 as reference, X0 as strain was calculated according to Vegard's law
the starting In concentration according to the from the In concentration. The error for the

0 28-49%0 44-91% 5 135 - 217 % 0

A33 1 - 43 4 % 4

1.-0

3 - - . 1-

c 2 >/ /. z

0.00106 0.00112 0.00115 0.00120
1/ (Growth Temperature) (I/K)

Fig. 4. Arrhenius plot of the reevaporated In flux which was evaluated from PL measurements. For all linear fits. comparahle
temperature ranges were used, which correspond to the labeled ranges for the In concentration for each sample
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activation energy results from the inaccuracy of
the growth rate determination. An increase of the
accuracy because of averaging over several mea-
surement points was not taken into account. In
table 1. a fifth value for zero stress is added (first
line). This value was deduced from, a sample
sequence with unstrained, i.e. relaxed, thick In-
GaAs layers (12% In content at a growth tempera-
ture of 500'C. layer thickness > 2 jAm). Each of
these samples was grown at a different tempera-
ture (500, 580 and 620 C). The In concentration
was determined by PL and verified by X-ray fluo-
rescence analysis. This value agrees very well with
the results of the low strain samples and is in
excellent agreement with the activation energy of
2.6 eV determined by Evans et al. [2] for sub-
monolayer growth of InAs on GaAs in the com-
parable temperature range (< 650 C = 2 x 2
surface reconstruction). In that case no strain
should significantly affect the growth mechanism;
therefore it is equivalent to the low strain limit.
Foxon and Joyce [3] and Kanter et al. [4] have
investigated the growth of few monolayers of InAs
on GaAs with a modulated beam technique and
reflection high energy electron diffraction, respec-

tivev. ombnedwit qudruolemas spctrme- Fig. 5. TEM images (dark field. (200) reflex) of two
tively. combined with quadrupole mass spectrome- lnGaAs/GaAs samples with 5% (a) and 45% (b) In content.

try. These investigations corresponds to the high respectively. The first three wells (at the bottom) of the 55

strain growth regime. The authors have published sample were grown at 510*C. The temperature for the follow-

activation energies between 1.3 and 1.5 eV. which ing wells, starting at 560*C. was increased by 10 K from well

agree also very well with the value we find for the to well. For the 45% sample, the growth temperature was
s increased from 500 to 650° C in 15 K steps. The white lines in

most highly strained sample. tie middle of each well are due to a contrast inversion 110].
In fig. 5. TEM images of two samples with an Markers represent 100 nm.

In content of 5% (fig. 5a) and 45% (fig. 5b) are
shown. The low strain sample has sharp interfaces
and no well fluctuations are observable over the strain nearly constant. Only above 640'C. where
whole temperature range, while the high strain significant In loss occurs and therefore the strain
sample (fig. 5b) shows significant interface rough- and the well width are strongly decreased, the
ness which must be due to three-dimensional interface fluctuations disappear. This behaviour is

growth. With a well thickness of the reference well more pronounced in samples with thicker well
of 3.5 nm, this sample is still 30% below the widths, but it is still possible to get sharper inter-
critical thickness according to the theory of Mat- faces at lower temperatures ( 5 500C). at least
thews and Blakeslee. During growth of the GaAs for well thicknesses below the critical thickness.
barriers the roughness is smoothened until the
inGaAs growth starts again. Therefore only the
second interface in growth direction is disturbed. 4. Conclusions
This feature already occurs at a temperature range
below 560 °C (3rd to 5th well from the bottom in By PL and TEM, we have investigated pseudo-
fig. 5b), at which the In desorption is low and the morphic InGaAs/GaAs samples with a sequence
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of SQWs grown at different substrate tempera- measurements, C. Fruth for TEM images. M.
tures. The In concentration was varied from 5% to Schuster and Mr. Worthington for X-ray fluores-
45%, the growth temperature from 500 to 700 * C. cence analysis and R. Hger for helpful discus-
From the deduced In loss during growth we have sions.
evaluated strain dependent activation energies for
In desorption. We find that for the activation
energy the low strain limit agrees very well with
our value deduced from an investigation with re- References
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In this paper we present detailed measurements of the thermal desorption rates of indium from strained GalnAs grown off a
GaAs substrate. We have made these measurements bN monitoring the photoluminescence (PL) of the groundstate emission from
strained quantum wells. We show that this method can be an accurate and highly sensitive technique for measuring desorption rates.
The measurements have been made as a function of composition and arsenic overpressure. A simple model for the indium
incorporation is developed and an activation energy for the desorption process has been obtained.

I. Introduction Ill desorption in ternary materials is not trivial. In
addition to the temperature the desorption will in

Preferential desorption of the more volatile of general depend on the group V flux. the flux of
the group IIl elements during the MBE growth of the other group Ill element, the overall growth
ternary Il-ill-V materials can lead to errors in rate, the composition of the ternary and when
composition and thickness of grown layers. While present any strain in the system.
this problem can be avoided by growth at suffi- Previously I1] the main method used to study
ciently low temperatures where desorption can be desorption rates has been thickness measurements
made negligible this may lead to unacceptable using cross-sectional scanning electron microscopy
compromises in material quality and subsequent (SEM) or transmission electron microscopy (TEM)
device performance. particularly in multilayered of layers or multilayers grow at different tempera-
structures. One may then be obliged to work in tures. However, as well as being extremely time
regimes where substantial desorption of at least consuming. these techniques lack the sensitivity to
one of the group IIl elements is occurring. Under measure low loss rates, particularly for composi-
these conditions it is clearly essential to have the tions where the desorbing element is the smaller
group Ill loss rate accurately characterised. Group mole fraction, as in GalnAs. Because of this sensi-

tivity problem SEM and TEM may also require
* Strained Layer Structures Group. layers that are thicker than the critical thickness
* Department of Electronic and Electrical Engineering. for strain relaxation making it difficult to assess

0022-0248/91/$03.50, 1991 - Elsevier Science Publishers B.V. (North-Holland)
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the influence of strain, which will be expected to 2-
increase the desorption, on the desorption rates. Will = 5:1

We have therefore used low-temperature photo-
luminescence from strained multilayer stacks to b
monitor the indium incorporation in lnGaAs 628*C 610-C

grown pseudomorphically on GaAs. When the 1 1. N30)
well is formed from a ternary alloy, as in this case, 4 6201C 590"C

and the cladding is the larger band-gap binary
constituent we show that the PL from quantum 636C 565*C

wells provides a fast, accurate and sensitive tech-
nique for measuring desorption rates. A

0 -r.., 11 '" ""
840 850 860 870 880 890 900

2. Experimental details Waielength (nm)
Fig. 1. A typical photoluminescence spectrum from a multi-

All of the samples were grown by molecular quantum well stack (sample ME655. seven nominall. ) A
be am ples (M Er a Va cu ar Gaonln,. 4As wells in GaAs grown at various temperatures).

beam epitaxy (MBE) in a Vacuum Generators

V80H reactor on (100) orientated GaAs sub-
strates. The growth rates for all samples were was set under identical arsenic fluxes (3 x 105

determined by RHEED oscillation measurements, atoms cm -2 s I) for all samples and the arsenic
and the growth rates for the alloy were kept flux actually used during growth adjusted subse-
constant at I monolayer/s. The samples consisted quently. The arsenic flux was set by measurement
Of a series of multiquantum well stacks grown of arsenic induced RHEED oscillations [3].
under a variety of conditions of interest. Each The photoluminescence measurements were
sample contained a stack of seven nominally iden- made at a temperature of 77 K using a 514 nm
tical quantum wells each of which had been grown argon laser excitation, a I m grating spectrometer.
at a different temperature. The first well was and a nitrogen cooled Ge pin detector. A plot of a
always grown at a temperature well below the typical spectrum from a sample is shown in fig. 1.
regime for any appreciable desorption and there- As can be seen there is a shift in the PL peak
fore provides a reference point. The wells within a position to higher energies for wells grown at
stack were separated by 500 A of GaAs to provide successively higher temperatures as a result of
optical and structural isolation between wells. The indium desorption and a consequent reduction in
growth temperature was adjusted during growth of the indium incorporated. By far the biggest contri-
the GaAs barriers. After some initial test struc- bution to this up-shift is the change in the band
tures all the samples were grown with wells at real gap of the well material. - 11 meV for a 0.01
temperatures of 470, 565. 590, 610, 620, 628 and change in the indium mole fraction. There are
6360C grown sequentially. These temperatures small second order contributions to the PL shift
were found to give approximately equally spaced due to changes in the confinement energies in the
well separated PL peaks and to cover a reasonable conduction and valence band wells as a result of
range of desorption rate. Initial substrate tempera- the reduction in the well depths and thicknesses.
tures were determined by reference to the sharp We have taken all of these effects into account in
c(4 X 4) to (4 x 2) transition in the surface recon- our calculation of the composition of the well
struction monitored by RHEED, 530°C at a 5:1 material. The composition of the quantum wells
arsenic to gallium flux ratio and subsequently was calculated from the energies of the peak posi-
monitored by optical pyrometry (2]. RHEED re- tions to high precision by solving the Schr6linger
construction temperatures were found to vary by equation in the structure to obtain the ground
less than 3*C from beginning to end of growth. state energies for the conduction and valence band
To ensure consistency the substrate temperature wells. We use hole effective masses of 0.35 for
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both GaAs and InAs and the electron effective 3. Results and discussion
masses are taken to be 0.0665 and 0.023. respec-
tively, in the binaries and are linearly interpolated In fig. 2a we have plotted the indium incorpo-
for the alloys. The strained energy gap and band- ration factor (the actual over the expected indium
offset ratios were calculated from the solid-model content) for five samples varying in indium con-
method of Van de Walle [4]. While the absolute tent from - 6% to 40% as a function of tempera-
values of the composition can be slightly in error ture. The expected, zero desorption. indium con-
using this approach the shift in the composition, centration is obtained by measuring the peak en-
from that of the control well, can nevertheless be ergy of the PL from the reference well grown at
obtained to a high accuracy and it is this shift that the lowest temperature and calculating the corn-
contains the information on the indium desorp- position using the method described in the previ-
tion rate. Applying this method iteratively ac- ous section. All these samples were grown under
counts fully for the second order effect on the PL an identical arsenic overpressure with an arsenic
peak positions of the changes in the well thickness to total group III flux ratio of nominally 5: 1. As
due to desorption of the indium fraction in the can be seen. appreciable indium desorption occurs
well. only above - 550'C after which the indium in-

We have performed two main experiments, corporation decreases monotonically with increas-
Firstly we have investigated the effect of the in- ing temperature with only approximately half of
dium mole fraction on the indium desorption rate the incident indium being incorporated by
from strained lnGaAs. and secondly we have - 640'C. In fig. 2b the indium incorporation
studied the effect of varying the arsenic flux. The factor has been plotted over the same temperature
results from these experiments are described in the range but for five samples in which we have varied
following section. the arsenic to total group III flux ratio from 2.5 :1

a
11 b

0.8

.2 0.8
.2 A(

0.6 0
0 (.6

0.4 0
u + "-0.4

C = 6.1% In E 2.5:1
= 13.1% In - = 5:1

* = 14.0% In = 7.5:1
0.2 = 20.5% In 0.2 = 20:1

* = 38.5% In V/Ill = 5:1 = 25:1 In = 20%

0 I 0 - -- @

450 500 550 600 650 450 500 550 600 650
Substrate temperature P C Substrate temperature PC

Fig. 2. Indium incorporation fraction as a function of temperature for (a) various low temperature indium mole fractions 17, and (b)
various arsenic to group Ill flux ratios.
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to 25: 1. Al these samples were grown with an poration in the growth of GaAIAs, at high temper-
intended indium mole fraction of 0.2. The curves ature, as the gallium mole fraction is reduced. This
are seen to be of the same form as in the previous was speculatively attributed, to an exchange reac-
experiment. However, it should be noted that for tion between surface Al and subsurface Ga atoms.
the lowest arsenic: group Ill ratio. 2.5 : 1, the in- A slight drop off in the indium incorporation for
dium desorption has apparently increased dramat- the highest indium content sample - 40% is also
ically above - 620'C. Indeed, only five of the observed, but only at a high growth temperature.
wells could be observed implying that no indium this is attributed primarily to the effects of surface
was incorporated at growth temperatures above segregation of indium although there may also be
628' C for this low arsenic flux, or that growth some contribution as a result of increased strain
quality is vitiated by the combination of high which will tend to reduce incorporation. Fig. 3b
temperatures and low arsenic flux. shows a similar behaviour of the indium incorpo-

The results of these two experiments are sum- ration as a function of arsenic to group III flux
marised for clarity in figs. 3a and 3b where we ratio. Again the indium incorporation is constant
have plotted, respectively, the indium incorpora- over most of the range studied. The incorporation
tion factor as a function of strained indium con- is reduced at lower flux ratios, indeed, apparently
tent and arsenic to group III flux for various dramatically reduced at high growth temperatures
growth temperatures. The indium incorporation is for the lowest flux ratios and high temperatures
seen to he essentially constant with nominal corn- when the arsenic sticking factors will also be re-
position. the composition for no indium desorp- duced we believe that the surface may have turned
tion, over most of the range studied with a slight metal rich and this quite probably kills the PL
reduction in indium incorporation for low indium intensity. We are currently undertaking TEM to
concentrations. while small this reduction is greater check the number of wells in this sample. A fall
than that expected from the dependence of the off in group Ill incorporation at low group V to
incorporation fraction on the nominal composi- group Ill flux ratios has been previously observed
tion implicit in eqs. (4) and (6). A similar reduc- in the GaAIAs/GaAs system (61 and was attri-
tion has been previously observed 151 in Ga incor- buted to a change in the growth regime from

1--------------- ------- 470"C--'..'...'... .. 47"
471 --- - - - 470-C

- - ----- -- -- -- 565"C A- -- ----.- - - 565'C
0.8 - -"-: 590"C

0. 590C 0.8 / -. 610"C

0.6 610-C -. 62.C
-. 0.6 C 0.6 " -636°C

o62(o .2

0.4 - , 0.4
o '636"C

0.2 0.2 In mole fraction = 0.2

Vill = 5:1
a 1b

0 =' I I I t

0 10 20 30 40 50 0 5:1 10:1 15:1 20:1 25:1

InGa flux composition (%In) Vill flux ratio

Fig, 3. Indium incorporation fraction. at various temperatures. as a function of (a) the low temperature indium mole fraction ml, and
Ih arsenic to group Iln flux ratio. The solid lines are best fits to the data and are provided as a guide to the eve.
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In - - Ga- We assume that we are operating in a tempera-

II. CO (1-f) i. p1, ture regime where the Ga desorption is negligible.
we can therefore set 83 = 0. The mole fraction 711

of indium incorporated is then given by

f-a f-a

InGa/ks surfaceincidet 1 Te canthefred setndiu 0.h mole fraction .frn
Fig. 4. A schematic of the growth model. 10 is the total The intended indium mole fraction, 7. for no

incident group Ill flux. f the incident indium flux, I - f the desorption, is then given by setting a equal to 0.
incident gallium flux, a the indium fraction desorbed and ,8 So

the gallium fraction desorbed.
7h) =f.- (2)

configuration limited reactive (CLR) incorpora- We assume the desorbing flux al,, is proportional
tion. where the arsenic flux is sufficient to provide to the surface concentration of indium, which is
essentially complete arsenic coverage of the grow- just equal to the incorporated indium fraction of
ing surface and the group III incorporation will be monolayers, if no surface segregation is occurring.
independent of arsenic flux, to reaction limited and is exponentially activated. We can then write
(RL) incorporation, a group IIl stabilised regime, the indium flux desorbed as
where group III incorporation will depend on the
surface coverage of arsenic which is incomplete
and therefore on the arsenic flux. where w0O is a factor incorporating an attempt

We have analysed these results using a simple frequency. The incorporated indium oncentration
rate-equation model shown schematically in fig. 4. 77, monolayers is then
The incident and emitted fluxes are defined as
shown in the figure and figure legend. = aI0 /ow exp( EA/kT). (4)

b

2.8 Vll Ratio E,
in 1-n, = 2.5:1 1.79a In- 2 = 3.75:1 2.00

E. = 5:1 1.76

1-ni 2.4 -" = 6.1% 1.98 = 20:1 1.73
In = 13.1% 2.04 = 25:1 1.88

2.0 "= 14.0% 1.72 . 2.0

=20.5% 1.84 .4':
= 38.5% 2.04

1.6 1.6

1.2 ./i,11.2

0.8 0.120

0.4 40'A
0.404 A'
0.0 - Wil"0

will .-F ' 5.0:1 0.4'5

1.1 .,' 1.15 1.2 V/ x 20.5%
-0.4 (1000/T)K' 0 ,

1.1 1.15 1.2
-0.8 (100T)K"

Fig. 5. Arrhenius plots of eq. (6) for (a) various nominal, low temperature, indium concentrations and (h) various arsenic to group Ill
flux ratios. The lines are least squares fits to the data.
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where a can be expressed as within experimental error, of both arsenic to total
group III flux ratio and of composition. A value

a = (j - )(1  - ). (5) of 1.88 + 0.15 eV is obtained for this energy.

Substituting and rearranging we obtain We are currently investigating the influence of

E growth rate on desorption and will be extending
1-ill _ exp -A, (6) the study to higher indium concentrations by
0/n- I W i T studying wells grown off relaxed InGaAs buffer

where ?,/77, is the incorporation coefficient . layers. This will enable us to deconvolvc the ef-

We can therefore obtain the activation energy fects of composition and strain on the indium

E, and the prefactor Io o from an Arrhenius desorption rate. We will also be studying indium

plot of logf(1 - nj)/(n,/nj - 1)) against 1/T. desorption rate from a metal rich surface as a

In figs. 5a and 5b we show Arrhenius plots of function of metal alloy composition. These results

the data shown in figs. 2a and 2b, respectively, will be presented in future papers.

Within experimental error the activation energy
for indium desorption is found to be constant
both as a function of indium concentration and Acknowledgements
group V to group Ill flux ratios. We obtain an
average value of 1.88 + 0.15 eV for this activation We are grateful to the SERC and MOD for
energy. We make no correction for any tempera- financial support under the UKjoint SERC/MOD
ture dependence of the prefactor. scheme.
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Molecular beam epitaxial growth and properties of highly strained
InxGal _ As/GaAs multiple quantum wells

S. Niki. W.S.C. Chang, H.H. Wieder
Department of Electrical and Computer Engineering, Mail code R-007. Universit" of California at San Diego, La Jolla.
California 92093. USA

and

T.E. Van Eck
Lo'kheed Missiles and Space Co.. Inc.. 3251 Hanover Street Palo Alto. California 94304-1191. USA

Strained-layer In,Gaj - As/GaAs multiple quantum well (MQW) structures with indium compositions of 0.15 < x < 0.28 grown
on GaAs by molecular beam epitaxy were investigated with the emphasis on their material characteristics intended for surface-nor-
mal electroabsorption modulators. The interposition of an appropriate buffer layer between the GaAs substrate and QW structure
has made possib.e the growth of 30-80 period In,Ga t - ,As/GaAs MQWs with thicknesses of the strained laverswell beyond the
pseudomorphic limit. Optical investigations of such QW structures showed distinct exciton peaks and clear quantum confined Stark
effect. An exciton absorption peak can be selected by changing the indium composition of the ternary alloy up to the wavelength of
, =1.08 im.

I. Introduction (EA) modulator applications. The modulation
depth and the operating wavelength are the most

Since Van Eck et al. [1] first observed the critical parameters for the device design in such
quantum confined Stark effect in 10-period pseu- applications. The modulation depth can be en-
domorphically strained 1n0.13Ga 0 87As(100 A)/ hanced by increasing the number of QW period.
GaAs(150 A) quantum wells (QWs), a great deal and the exciton lines can be tuned to longer
of attention has been focused on the growth and wavelengths by increasing the indium composition
fabrication of strained-layer InGat - As/GaAs of the ternary alloy. However, both of these re-
multiple quantum well (MQW) modulators [2-6] quirements impose growth of InGat _ ,As/GaAs
for the following reasons: (1) The GaAs substrate MQWs well beyond the pseudomorphic limit.
is transparent at the wavelength of the excitonic This paper reports on the growth of 30-80
absorption in the InGa- ,As/GaAs material period InGa, -, As/GaAs QWs (0.15 < x < 0.28)
system. (2) The wavelength of exciton lines can be on a lattice-mismatched buffer layer by molecular
tuned widely in the infrared spectrum range which beam epitaxy (MBE) and the characterization of
can not be obtained in a common AIGaAs/GaAs their material properties determined primarily by
material system. (3) New coherent light sources means of absorption (AB) and EA spectroscopy,
have been developed in this wavelength range. and transmission electron microscopy (TEM). The

We have investigated during the past few years results obtained from AB and EA experiments
[4.7] InGat_,As/GaAs multiple quantum wells made at room temperature will be discussed in
(MQWs) for surface-normal electroabsorption terms of the linewidths of the exciton lines.

0022-0248/91/$03.50 C 1991 - Elsevier Science Publishers B.V. (North-Holland)
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Cross-sectional images of the samples taken by ternary alloy buffer and a 50-period ln 0,25Gao 75
TEM will be examined and compared with the As(50 A)/GaAs(50 A) superlattice buffer were
results obtained from optical measurements, interposed between the GaAs substrate and QWs,

followed by a 200 nm thick In01)Ga,., 7As cap
layer for sample 6. The cap layer of sample 6 was

2. Molecular beam epitaxial growth and device beryllium doped and those of the other samples
fabrication were silicon doped with doping concentrations of

n( p) - (1-5) x 1017 cm- 3. The ternary composi-
Three different types of samples have been tions and thicknesses of the epitaxial layers were

grown by conventional MBE on (100) oriented determined nominally by reflection high energy
GaAs substrates at substrate temperatures be- electron diffraction (RHEED), and their thick-
tween 500 and 5300C. Their detailed configura- nesses were calibrated by cross-sectional TEM.
tions are illustrated in figs. la-Ic, and their growth p-i-n diodes with a ring-shaped electrode 300
parameters are listed in table 1. The substrates #Im inner diameter and 500 tpm outer diameter
were precleaned prior to the MBE growths by a were fabricated on such samples using standard
common cleaning process using an etching solu- photolithographic processes. Zn-Au metal contact
tion made of a NH 4OH: H 201: H,0 = 5: 2: 10 was used for p-type substrates and Ge-Au contact
mixture for sample 6 and a H2SO4 : H,0, : H,0 = for n-type substrates. Cr-Au contact was used for
5: 1 : I mixture for the other specimens. The sam- the cap layers. Each device was mesa etched to the
pies were rotated with an azimuth rotation speed substrate with a solution, HPO4 : H 202: H,0 =
of 18 rpm during the outgas and growth in the 8 : 1 : 1 for electrical isolation. I-V traces of such
growth chamber. A 0.1-0.3 tim undoped GaAs diodes showed small leakage currents of less than
buffer was grown before starting the growth of I AA, under the electrical field of up to F- 70-90
lattice-mismatched layers. A 20 s growth interrup- kV/cm.
tion was used between the growth of each QW
layer for improving the surface smoothness [8]. A
superlattice buffer which consists of 125 period 3. Material properties
In,Ga, -, As(25 A)/GaAs(25 A) with the same
indium concentration as the QW layers was used Optical properties of such QW structures were
for samples 3 and 4. A 500 nm thick In0 3Ga,.8 1 As investigated by means of both AB and EA spec-

Cr/Au
Cr u Cr u IT

p-lnGaAs cap

n - GaAs cap n - SL cap
Z Inx Ga IAs

- In. Ga1 -.As GaAs
inxGa -.As GaAs OW layer

GaAs - Q ae- a lay er S L b uffer
Z QW layer
- _SL buffer InGaAs buffer

a GaAs buffer b GaAs buffer C GaAs buffer

p-GaAs substrate L p-GaAs substrate j L n-GaAs substrate

ZnAu ZnAu GeAu
Fig. I. Schematic diagram of InGa_ ,As/GaAs multiple quantum wells: (a) type I (samples 1.2. and 5); (b) type 2 (samples 3

and 4); (c) type 3 (sample 6).
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Table 1
Comparison of growth parameters and optical characteristics of strained-layer iii,Ga, - As/GaAs multiple quantum wells

Sample In Periods Well width Barrier width Buffer layer Wavelength of Linewidth

No. composition (A) (A) exciton peak (M.m) FWHM (meV)

1 0.15 80 120 120 None 0.993 14.0
2 0.19 80 120 120 None 1.021 23.6
3 0.15 50 120 120 SL 0.985 11.4
4 0.22 50 120 120 SL 1.035 16.4
5 0.15 50 100 100 None 0.962 13.4
6 0.25 30 100 100 Alloy + SL 1.058 18.0

troscopy made at room temperature. Monochro- ness could cause the broadening of the exciton
matic light was applied normal to the layers and lines: However, no clear evidence of such surface
the transmitted light was detected by a Si or Ge roughness was obtained from the TEM pictures of
photodiode. The reflection from the surfaces and sample 2. Therefore, we believe the broadening of
residual absorption in the substrate were sub- the exciton lines is due to the enhanced scattering
tracted from the raw signal by using a reference and/or greater tunneling probability with or via
substrate. deep traps generated by dislocation loops.

A distinct exciton peak with a linewidth of 14 The strained-layer superlattice buffers have
meV, which is comparable to those obtained from successfully confined misfit dislocations at the su-
pseudomorphically grown QWs [9], was observed perlattice/GaAs interface for sample 3 and 4. A
from sample 1. A smaller linewidth of 11.4 meV cross-sectional image of sample 4 is shown in fig.
was obtained from sample 3. The linewidth of 3. Therefore, most of the QW layers are elastically
sample 2 is distinctly larger than those of the other deformed. Since we have observed misfit disloca-
specimens. A small linewidth is observed for sam- tions. in-plane lattice constant of the epitaxial
pIe 4 despite the larger lattice-mismatch. This layers can be relaxed from that of GaAs. It im-
suggests that a superlattice buffer may play an plies that each InGa ,As/GaAs QW layer
important role in the growth of strained In, shares a strain in opposite directions. making pos-
Ga ,As/GaAs QWs. The linewidths of these sible the growth of the strained QW layer well
exciton peaks are also listed in table 1. above the pseudomorphic limit. However. the de-

The cross sectional images of the samples wvere tailed information on such relaxation is lacking.
obtained bN means of TEM. It was found that
misfit dislocations are created within the first few 4,

QW periods and no propagating dislocations are
found in the remaining active layers of sample 1.
TEM pictures of sample 2 show dislocations prop- E

agating throughout the QW layers, showing a poor -
crystalline quality. This result is consistent with
that obtained from the optical characterization.

EA characteristics of the samples were rnea- 10
sured by applying a DC reverse bias to a p-i--n
diode fabricated from such structures. The line- I
widths of the exciton peaks as a function of elec- ) 1 2 4

tric field are shown in fig. 2. A severe linewidth Elcctric [icld (xt1^4 V/cm)
broadening was observed with increasing of elec- Fig. 2. ltinewidths of the exciton peaks as a function of elctric

tric field for sample 2. but not for the other field. (E) sample 1: ( ) sample 2: t( sample 3' (m) %ample 4:
specimens. It is possible that the interface rough- (e) sample 5 (A) sample 6.
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Similar QW structures as in type 2 with x > 0.25
were grown intended to shift the exciton line to
longer wavelengths. However, no distinct exciton
peak was observed. A bulk ternary alloy buffer.
instead of the alternating strained layer, was intro-
duced for relaxing the in-plane lattice constant of
the epitaxial layer presumably up to the average of
InxGa j _ As and GaAs for sample 6. It is theoret-
ically predicted [10] that an alternating strained
layer structure whose weighted strains are equal
but opposite will remain commensurate if each
layer is below the critical layer thickness limit EA
spectra obtained from sample 6 exhibit a large AB
coefficient change of up to Aa = 5900 cm- 1 at
A = 1.05-1.09 ym as shown in fig. 4. Similar QW
structures as sample 6 with x = 0.28 also exhibit
sharp exciton peaks at X - 1.08 tm. TEM investi-
gations on such a specimen with x = 0.28 show
that misfit dislocations are confined in the ternary
alloy layer [6]. The use of such a bulk ternary alloy
buffer may provide a better balanced strain in
each QW layer and/or provide more uniform
spatial distribution of strain than using an alter-
nating strained layer buffer.

Fig. 3. A cross-sectional image of sample 4. by means of
transmission electron microscopy.

4. Summary

In,Ga t -, As/GaAs (0.15 < x < 0.28) multiple
quantum wells were grown with the total thickness

12000 of the strained layer well above the critical layer
- I thickness limit. The optical and electrooptic prop-

E tOlS ,-, It) erties as well as the crystalline quality of such QW
4) structures suggest potential applications for

• O , surface-normal EA modulators in the 0.9-1.1 [Lm
wavelength range.
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Realization of sharp excitonic features in highly strained
GaAs/InAGal_As multiple quantum wells grown
on GaAs(100) substrates
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Photon A Materials and Devices Laboratory, UniversitY of Southern California, Los Angeles, California 90089-0241. USA

The relation between the exciton linewidth and the quantum well width is studied for various In compositions in InGaAs/GaAs
quantum wells. A region of minimum exciton linewidth is observed. Thick multiple quantum wells, grown in this minimum linewidth
region. show sharp excitonic features when grown under RHEED determined optimized growth conditions. ULtrathick strained
multiple quantum wells with good optical quality are realized by exploiting strain relief via growth on pre-patterned substrates.

1. Introduction ments. Readers are referred to ref. [1] for these
results as well as good electro-modulation behav-

ln,Ga, ,.As/GaAs multiple quantum wells ior observed on these samples.
(MQWs) grown on GaAs are of interest since their
exciton transition energies lie in the transparent
region of the substrate. Used as the active region 2. Experimental
in spatial light modulators (SLMs), this system
gives more flexibility in geometry and processing The samples were grown in the USC RIBER
than the AIGaAs/GaAs based SLMs. However, 32P MBE system on GaAs(100) substrates (either
due to the presence of lattice mismatch, taking Cr-doped semi-insulating or Si-doped n' ). Reflec-
such advantage is hindered by the small critical tion high energy electron diffraction (RHEED)
thickness for defect generation. Efforts are de- pattern and intensity behavior was monitored to
voted to realizing sharp excitonic features in these determine the growth condition [21 (i.e.. substrate
highly strained QWs. In this paper we show that temperature, growth rate, arsenic pressure and
sharp excitonic features can be achieved by a alloy composition) as well as to ensure their repro-
combination of quantum well design and MBE ducibility, independent of the machine gauges. etc.
growth procedure. We first present results for This is absolutely critical to having confidence in
single quantum well (SQW) exciton linewidth de- comparisons made between different samples and
pendence on the well width and In composition interpretations of the underlying physics. The sub-
and identify a region of linewidth minimum. Re- strate temperatures used varied from 580 to 520 0 C
sults for MQWs grown in this regime are then with increasing In content from 0.10 to 0.25 so as
presented. Finally, the role of growth on pre-pat- to maintain control on In composition since In
terned substrates to further improve the optical desorption rate is a strong function of the temper-
properties is examined. Although due to space ature above 520'C. The In composition typically
limitations only photoluminescence and optical varies + 1% across a 2 cm square wafer. The
transmission measurement results are reported photoluminescence (PL) and PL excitation (PLE)
here. this study included extensive structural ex- measurements were performed with an Ar' laser
amination via transmission electron microscopy pumped Ti-sapphire laser, a Spex 1704 monochro-
and electrical examination via C- V measure- mator, and a LN, cooled Ge detector. For absorp-

tE22-0248/91/$03.50 , 1991 - Elsevier Science Publishers B.V. (North-Holland)
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s subsequent wells. Very thick GaAs barriers of 180

6 21MLG928ML ML are grown between SQW to prohibit eec-
5 2IML 28M35ML tronic communication between wells. Such thick-

4 =.1 T=5K 2 ness is also found through RHEED studies to be

Pinc= /cm adequate for recovering the surface to the same

/ 2 16MLexc=8450A condition as the starting point of the previous
C--.-6ML wells.

I In the PL measurements, the excitation energy
0• of Ti-sapphire laser was tuned at 8450 . slightly

C# 8400 8500 8600 8700 8800 8900 900 9100
z below the GaAs bandgap and above all the QW

LL~ ~exciton transition energies of interest. The excita-
7 (b) RG900710 35ML tion power was varied from 0.01 to 10 W/cm.

28M1.
6 x=0.20 The peaks are quite symmetric and remain un-

shifted under all excitation powers, indicating the
excitonic nature of these transitions. The PL is

3 2lMl. found to be very efficient and is estimated to be 1
2 16ML to 2 orders of magnitude more efficient than that
I from GaAs/AIo.3Gao.7 As SQW samples. Unlike
0 the GaAs/AIGaAs QWs in which the exciton PL

8600 8700 8800 8900 9000 9100 9200 9300 intensity is found to increase linearly or superlin-
WAVELENGTH (A) early with increasing power [3], it is found to

Fig. 1. 5 K photoluminescence from (a) sample RG900704 and increase sublinearly with increasing power in these
(b sample RG900710. InGaAs/GaAs samples. The linewjdths remain

almost constant for excitation power < I W/cm2

and start to increase beyond I W/cm2 , the behav-
tion measurements, a halogen-tungsten lamp was ior near the exciton tail changing faster than that
used as the source and either a Si or Ge detector at half maximum. The PL peak positions and full
was used for detection widths at half maximum (FWHMs) at an excita-

tion power of 1 W/cm2 are listed in table 1. These
linewidths are generally amongst the narrowest

3. Results and discussion found in the literature [4-61. Note that there exists
a minimum linewidth in the well width range

In order to investigate the dependence f the studied. For the x = 0.13 sample (RG900704). this
exciton linewidth on the QW well widtl, id In minimum linewidth is found to lie in a rather wide
composition, samples containing multiple single region, between 28 ML and 35 ML. This mini-
quantum wells of different well widths were ex-
amined for different In compositions. Figs. la and
lb show the 5 K PL results on two typical samples Table I

(RG900704 and RG900710), each containing four The peak positions and linewidths (FWHMs) of sample

SQW of well widths 16 monolayer (ML), 21 ML. RG900704 (x = 0.13) and sample RG900710 (x = 0.20) for 5

28 ML and 35 ML and In content 0.13 and 0.20. K photolumiescence of fig. I

respectively. They were chosen to cover the range Well x =0.13 x = 0.20

of practical value to quantum confined Stark ef- width E (eV) FWHM E (eV) FWHM
fect (QCSE) devices and to be distributed evenly (ML) (meV) (MeV)

in both well width and exciton transition energy 16 1.4553 6.3 1.3896 10.4

scale. The growth sequence is thin well to thick 21 1.4296 4.6 1.3663 7.8

well in order to minimize the possibility of dislo- 28 1.4137 4.2 1.3416 6.2

cations generated in one well propagating into the 35 1.4018 4.3 L3268 6.8
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mum behavior becomes more evident at higher In 2000

composition as seen in sample RG900710 (x = RG900420
0.20) where the minimum is located at 28 ML. T=297K-Non-patterned

This behavior is different from the linewidth-well Q ---- Patterned

width relation previously reported for the 9256A

GaAs/AIGaAs [6,7] and the InGaAs/GaAs [6] -. 1 5000. ",3391eV
systems. The minimum linewidth of 4.2 meV for HWHM=.9ieV

j 9348A
the x = 0.13 sample and 6.2 meV for the x = 0.20 a) 1.320eV"" \ \ I \HWHM=9.4meV

sample is found to satisfy the x(1 - x) rule 181 U", I / e

closely, indicating that the alloy scattering con- 4. %
0120000

tributes an important factor to the linewidth in o
this class of samples. This phenomenon can be
understood by taking into account the interfacial
and alloy scattering, as well as the possible de-
gradation in growth front for thicker InGaAs 0 -

layers. Since the primary focus of this paper is on 0

the realization of the sharpest exciton features, the .

mechanism responsible for this line width behav- ,
ior will be analyzed elsewhere [9].

Next we present results on the role of growth 0. ................. I
procedure in realizing good exciton features. Sam- 9000 900 9400 9600

pies in the p-i(MQW)-n configuration were grown Wavelength (A)
osubstrates containing a region of square mesas Fig. 2. The room temperature absorption behavior of a 50

ol speriod Ino0 .GaOg8 As(35 ML)/GaAs(70 ML) MQW (sample

of 10 to 20 [im linear size. The choice of the mesa RG900420) from the non-patterned (solid curve) and patterned

size was motivated by a balance between effective- (broken curve) regions.

ness in intrinsic defect reduction in this In com-
position range as revealed by previous studies
[10,11] and a usable size for a single pixel in a terned region is 7.9 meV, slightly narrower than
two-dimensional array of a SLM. Fig. 2 shows the the 9.4 meV HWHM in the non-patterned region.
room temperature absorption behavior of sample Though not discussed here, electro-absorption ex-
RG900420 (50 period [n 0 12Ga0 18 As(35 ML)/ periments reveal that these line widths are dis-
GaAs(70 ML) MQW). Note that the QW well torted by an inhomogeneous distribution of elec-
width is in the linewidth minimum region. The tric field across the MQW at zero bias [1]. The

absorption coefficient is obtained by considering intrinsic HWHM obtained from these experiments
the thickness of the total active InGaAs layers. In is approximately 5.5 meV at room temperature
the mesa region, the behavior is the average over and 2.5 meV at LN2 temperature for the non-pat-
the mesa and trench regions with the mesas oc- terned region. These linewidths are generally com-
cupying - 13.5% of the area since the beam size is parable to or even narrower than those obtained
approximately 0.5 mm2 and the mesa size is 18 earlier [13,14] for the much thinner 10 period
tum x 12 pum. The slightly shorter wavelength of similar structures, indicating the high quality of
the exciton peak in the patterned area can be the MQWs in both patterned and non-patterned
mostly attributed to the slightly lower In composi- regions even for a total MQW thickness as high as
tion expected from the overall mapping of In 1.5 pm.
composition in this sample. Based on our earlier The advantage of growth on a pre-patterned
studies [12], it is expected that the higher degree of substrate when the In composition is higher can
homogeneous strain in the mesa region also con- be seen clearly in the following example. Fig. 3
tributes to this effect. The half width at half shows the 5 K transmission behavior of sample
maximum (HWHM) of the exciton in the pat- RG891110 (100 period Ino_2oGao_8oAs(28 ML)/
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0.5 1 , 1 4. Conclusions
SAMPLE RG891110 ///

.. Non-pattern ed In summary, the relationship between exciton
0.4d(in.2Ga8As)=80 A  linewidth and QW well width in GaAs/InGaAs

d(GaAs)=160A quantum wells is studied for various In composi-
Z 100 period tion. A line width minimum is observed in the wellS0.3 width range of practical importance to QCSE

3based devices. Thick MQW samples, grown using

MESA:6.nm x l8pm/ RHEED determined growth conditions, with well
0.2 width in this linewidth minimum region exhibit

iharp excitonic features. The usefulness of growth
9330 A on pre-patterned substrates in improving the opti-

0.1 1.3285eV cal quality of ultrathick strained MQW is demon-
strated.

T=5K
0 1

8000 8500 9000 9500 10000 Acknowledgments
WAVELENGTH (A)

Fig. 3. Optical transmission behavior of sample RG891 110 for This work was supported by the AFOSR. ARO.
the MQW in the non-patterned region (broken curve) and
patterned region (solid). The first heavy hole-to-first confined and the URI on Integration of Optical Computing
electron (Ihh-le). light hole to first confined electron (lh-le). administered by AFOSR.
and second heavy hole-to-second confined electron (2hh-2e)
excitons are observed indicating high quality quantum wells on

the mesas.
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Observation of dark line defects in InGaAs/GaAs strained layer
superlattices by photoluminescence topography

Kanji lizuka, Takashi Yoshida, Toshimasa Suzuki and Haruo Hirose
Nippon Institute of Technology, 4-1 Gakuendai, Mivashiro, Minami-Saitama, Saitama 345, Japan

The behavior of dark line defects (DLDs) in molecular beam epitaxy grown inGaAs/GaAs strained layer superlattices (SLSs) has
been studied by photoluminescence (PL) topography. The density of DLDs parallel to the [011] was larger than that of those
perpendicular to the [0111 and increased with increasing number of SLS periods. These DLDs were considered to be originated from
the locally deformed lattices by the misfit stress. The relaxation model of stress in MBE-grown lnGaAs/GaAs SLSs was proposed
from the obtained results.

1. Introduction Finally the relaxation mechanism of stress in this
system was discussed.

The strained InGaAs/GaAs system has been
actively studied in recent years because of its
potential applications to electronic and optoe- 2. Experiental
lectronic devices [1]. This system was revealed to
have a large number of dislocations caused by InGaAs/GaAs SLSs were grown by MBE using
large lattice mismatches (- 7%) [2]. Fitzgerald et a Riber model MBE 2300 R&D system. Sub-
al. [3] have observed scanning cathodolumines- strates were prepared from the indium-doped
cence (CL) and transmission electron microscopy semi-insulating (100) GaAs wafers (EPD: 103

(TEM) images of AIGaAs/InGaAs/GaAs hetero- cm 2). The growth temperature was varied from
structures and discussed the relation between the 500°C to 575 ° C. The SLS samples were com-

direction of the dislocations and the residual elas- posed of alternation of 70 A thick In0 Ga 09 As
tic strains.

Photoluminescence (PL) topography, which
gives us information on spatial variations of PL
emission using an image detector instead of mea- SLS_ InGoAs 70A X5-30
suring PL spectra, also enables us to characterize SLS GaAs 100A

the nonradiative centers such as dark spots (DSs)
or dark line defects (DLDs) 14]. We have been
evaluating the crystallinity of various GaAs wafers
and molecular beam epitaxy grown (MBE-grown) GaAs buffer
lnGaAs/AIGaAs/GaAs multilayer or superlattice
structures by PL topography (5,61. In-doped

GaAs Tso =5OO--575*CIn this study, the misfit strains in MBE-grown Substrate
inGaAs/GaAs strained-layer superlattices (SLSs)
with various superlattice periods and growth tem-

peratures were characterized by PL topography. Fig. I. A Schematic illustration of sample structure.

0022-0248/91/03.50 C 1991 - Elsevier Science Publishers B.V. (North-Holland)
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and 100 A, thick GaAs layers, and the related aspects between misfit stress and dislocation
period was varied from 5 to 30 as shown in fig. 1. qualitatively. In order to confirm this point, the
The thickness of each layer was controlled by cross section of the SLSs should be observed by
observing reflection high energy electron diffrac- transmission electron microscopy (TEM).
tion (RHEED) intensity oscillation. It is not known why we could observe the

PL topography was carried out at the tempera- relaxation of the misfit stress by PL topography.
ture about 50 K using an infrared Vidicon TV We consider the direction of the DLDs. The DLDs
camera (Hamamatsu C-1965) where a cw krypton were lines parallel or perpendicular to the [011]
ion laser light (6471 A, 600 mW) was used as an direction. The density of DLDs parallel to the
excitation source and an IR-80 high-pass filter was [0111 was about 400 lines/cm and it was larger
adopted to suppress the laser light and to observe than that of those perpendicular to the [011]. We
the PL emission only. think that this difference is caused by the growth

mechanism of the layer on the surface. Asai [8]
reported on anisotropic lateral growth in GaAs

3. Results and discussion layers on (001) substrates and found that the
fastest growth direction is the [110] and the slowest

Fig. 2 shows the PL topograph patterns of the is the [110] direction. Therefore the progress of the
samples with various SLS periods at the substrate [011] steps on the GaAs (100) surface in our case
temperature: 550°C. The cross-stripe pattern of should be more preferential than that of the [011]
irk lines as seen in the figure was observed in all steps. As a result, the surface stress in the [011]

SLS samples. Similar patterns have also been ob- direction is relaxed in a shorter distance than in
served by CL observations [1,2]. Such dark lines the [011] direction as the In 0 1Ga 0 gAs layers grow.
were not observed so far in a thicker layer (1 Atm This difference in the direction of the progress of
thick In, Ga,19As); however, a cross-hatch pat- steps corresponded well to the difference in the
tern was revealed by Nomarski microscope ob- density of DLDs. We think that the In0o 1Ga0 .9 As
servation on the surface. It was concluded that lattice will be deformed locally by the compressive
this pattern was caused by the misfit stress be- stress, as Grundmann et al. [9] reported from the
tween GaAs and In 0 1Ga 0.gAs [6]. On the other results of double-crystal X-ray diffraction, and
hand, the cross-hatch pattern has never been ob- therefore the PL emission efficiency in the de-
served on the surface of SLSs, although a similar formed region will be degraded to be observed as
pattern in the DLDs with a different density was a DLD by PL topography.
observed by PL topography. This result suggests If the generation of DLDs is dependent on the
that the misfit stress in thick In 0.1Ga09 As on progress of steps, the behavior of DLDs should be
GaAs will be relaxed by forming wrinkles on its changed by the growth temperature. Fig. 3 shows
surface, but that in SLSs by introducing some the change of the PL topograph pattern of the
defects it is observed as dark lines, samples with 10 SLS periods when the growth

The density of the DLDs was increased with temperature was varied from 500 to 575 a C. When
increasing the number of the SLS period. The the growth temperature was 575°C, no stripe pat-
internal stress in the SLS structures is relaxed by tern was observed. This situation might be under-
the lattice relaxation of each layer whose thickness stood in such a way that the growth temperature
is thinner than the critical value [71. The layer was so high that the stuck indium atoms were
thickness of all In 0 GaoAs layers was smaller eliminated from he surface, and, as a result, the
than the critical value. Therefore we consider that superlattice structure was not completed. When
we could take the standpoint that these DLDs the growth temperatures were lower than 550'C,
were not caused by the misfit dislocation, but were the densities of the DLDs in the [011] and [0111
caused by the misfit stress between the In 0.1Ga09  directions were increased with decreasing growth
As layers and the GaAs layers. However. PL topo- temperature. For example, the density in the [0111
graph observations indicate the difference in PL direction was about 400 lines/cm at 550°C and it
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[0111

11001

Fig. 2. PL topograph patterns from four MBE-grown 1n 0 jGa 0.9As/GaAs SLSs which have various superlattice periods: (a) 5
periods: (b) 10 periods: (c) 20 periods; (d) 30 periods. The substrate temperature was 550 0 C. Marker represents 100 p m.

was about 700 lines/cm at 500°C. We consider preferential than that in the [011] direction, since
that this was caused by the change in the surface the lateral growth rate has an anisotropy. In other
migration of the atoms. That is to say, the diffu- words, the compressive stress is relaxed within a
sion length is decreased with decreasing growth shorter distance in the [011] direction than that in
temperature, and the density of the DLDs. caused the [011] direction, since the growth of steps in the
by the local relaxation of the misfit stress, was 1011] direction is slower than in the [0111 direc-
increased. tion. These locally deformed In0o Ga0.As lattices

Here we propose a model for relaxation ani- are observed as anisotropic DLD patterns by PL
sotropy of the stress in InGaAs/GaAs SLSs, as topography.
shown in fig. 4. The compressive stress is acting to
the growing surface of the lno. Ga 0 9 As layer. This
stress is accumulated with increasing layer thick- 4. Conclusion
ness, and relaxed by deforming local lattices. But
misfit dislocation will not be introduced because InGaAs/GaAs SLSs with various periods and
the thickness of the In 0.1Ga0.gAs layers is thought growth temperatures were grown by MBE and
to be thinner than the critical layer thickness. The characterized by PL topography. Cross-stripe pat-
lattice deformation in the [0111 direction is more terns were observed in all samples except in the
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O i T]

100]1

Fig. 3. Temperature dependence of the PL topograph patterns from MBE-grown In 0 . Ga 0 9As/GaAs SLSs whose SLS period was
ten. The growth temperature was: (a) 500*C: (b) 525'C; (c) 550*C; (d) 575'C. Marker represents 100 Am.

1100] one grown at 575'C. The density of the DLDs

was increased with increasing SLS period and with
decreasing growth temperature. The density of the

[011 1DLDs parallel to the [011] was about 400 lines/cm
and it was larger than that of those perpendicular
to the [0111. This difference was thought to be
caused by the anisotropy in the growth rates of
steps in Ino. Gao.,As layers. That is to say, relaxa-
tion of the misfit stress in the [011] direction is
more preferential than that in the [O11j This re-
laxation is accompanied with the deformation of

0,athe local lattices in the In 0.Ga 0 .As layers without
introducing the misfit dislocations, because the
thickness of the In 0 Ga 09 As layer is thinner than
the critical value. This lattice deformation results

Fig. 4. A proposed model for the relaxation anisotropy of the in the degradation of the efficiency of PL emis-
stress in InGaAs/GaAs SLS. sion. As a result, this lattice deformation is ob-

f
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The nature and control of morphology and the formation of defects
in InGaAs epilayers and InAs/GaAs superlattices grown via MBE
on GaAs(100)

S. Guha, K.C. Rajkumar and A. Madhukar
Universav of Southern California. Los Angeles. California 9(X)89-0241. USA

Initial stages of molecular beam epitaxial (MBE) growth of highly mismatched In,Gal ,As/GaAs(100) hase been studied by
planar and cross-sectional transmission electron microscopy. For ln .sGa,'As growth, we find drastic differences in morphology
obtained by reducing the growth temperature form 475 to 420'C. We also observe differences in morphology between alloy growth
and short period superlattice (llnAs),/(GaAs),,, (n = I monolayer. n = 2 monolayers) growth of equivalent effective composition. In
the case of growth by formation of large islands, we present direct evidence of strain relief at the island edges and discuss defect
formation in these islands.

I. Introduction match strain is high enough for 3D island growth
to commence [3]. Provided one can maintain a

Technical exploitation of the lattice mis- layer-by-layer mode of growth even at high values
matched lnGa, ,As/GaAs (x >0.30) is limited of mismatch strain, one might expect defect reduc-

due to roughening of the growth front due to a tion from patterning. Additionally, a layer-by-layer
change in the growth mode from 2D layer-by-layer growth mode produces smoother interfaces - a
to 3D islanding beyond a certain composition necessity for interface sensitive devices such as
dependent thickness. Computer simulations show resonant tunnelling diode (RTD) structures. For
that a 3D growth mode is brought about by a these reasons, our recent efforts have focussed on
strain induced anisotropy in interplanar cation preserving a 2D layer-by-layer growth mode even
migration [1]. A change in the growth mode also for highly mismatched InGa, ,As on GaAs (100)
brings about a change in the observed defect by controlling the attendant growth kinetics. Ini-
structure with the introduction of a large number tial stages of InAs/GaAs growth have been studied
of threading dislocations [2,3]. Various schemes earlier by a variety of techniques [7-9]. In particu-
have been proposed in the literature that link the lar, transmission electron microscopy (TEM) is a
formation of threading dislocations with island very powerful tool in studying the initial stages of
growth and coalescence [1.2.4). Recently, experi- growth and defect formation. Cross-section trans-
mental work on In,Ga - ,As/GaAs at low levels mission electron microscopy (XTEM) has been
of mismatch strain (,a/a<_ 1.4%) point to be- used earlier in studying highly strained thin
nefits obtained in terms of defect reduction by InAs/GaAs layers [10,11]. A study of the early
growth on pre-patterned substrates [3.5,6]. How- stages of InAs/GaAs growth has been carried out
ever. this development appears to be beneficial by Glas et al. [12], where they have analysed
only in the layer-by-layer growth regime, with no different stages of growth under fixed growth con-
significant differences being observed between ditions. In our case, the aim has been more in
patterned and non-patterned regions once the mis- terms of varying the growth parameters and ob-

0022-0248/91/$03.50 P 1991 - Elsevier Science Publishers B.V. (North-Holland)
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serving its effects on a fixed amount of growth. islands joined laterally by a thin (about 6 ML)
We present below the results of some TEM studies InGaAs layer, suggesting a Stranski-Krastanov
in this regard. growth mode. Fig. lB is a (400) dark field cross-

sectional image in which the white patches in the
substrate below each island are strain contrast

2. Experimental contours indicating deformation of the (100)
planes below each island and implying a normal

Samples were grown by molecular beam epi- force exerted by the island on the substrate region
taxy (MBE) in a Riber 32P system. Following below it. These strain fields are observed to extend
growth of a suitable GaAs buffer layer on GaAs to about 200 to 250 A into the substrate below the
(100). In,Ga, ,As (x = (.33 and 0.5) layers with interface. Similar deformations have been ob-
thicknesses between 7 monolayers (ML) and 15 served recently by Eaglesham and Cerullo for the
ML were grown on different substrates at sub- Ge/Si(100) system [131. Figs. 2A-2C are dark
strate temperatures of 420 to 5200 C and at group field micrographs of a set of islands taken with
V to group Ill incorporation rate ratios of 1.5 to different g = (022) vectors in plan view (i.e. the
5.0. The growth rate of In,Ga, _As was kept at electron beam is normal to the growth plane). One
0.25 ML/s unless otherwise mentioned. In some observes a large number of islands exhibiting a
samples the In,Ga, - ,As growth was covered by a pair of bright and dark contrast lobes adjacent to
2 ML GaAs cap deposited at 0.125 ML/s. Planar one another. The bright-dark contrast switches on
and cross-section samples for transmission elec- reversing g (compare figs. 2A and 21) and the line
tron microscope (TEM) studies were prepared by of demarcation between the bright-dark lobes is
mechanical polishing followed by Ar ion thinning, perpendicular to g (compare fig. 2B with fig. 2C).
TEM studies were carried out in a Philips 420T The diffraction contrast behaviour observed is
microscope at 120 kV. High resolution electron found to be consistent with a symmetric deforma-
microscope observations were carried out in an tion of the (220) lattice planes of the island and
Akashi EM-002B microscope at 200 kV. the substrate region adjacent to the island on

either side of the central axis of the island. Glas et
al. observed similar contrast behaviour in their

3. Results and discussion TEM studies of lnAs/GaAs [12] and inferred
presence of deformations in the (100) substrate

Let us begin with the results on two samples planes. However, apart from deformation of the
each with 11 NML ln 0,Ga,. A, followed by 2 ML substrate planes, one would expect a deformation
of GaAs cap grown at 4750(. (sample 1) and of the planes in the island itself due to free expan-
420°C (sample 2). respectively. The group V to sion at its unconstrained lateral edges resulting in
group Ill incorporation rate ratio in both cases strain relief. This is demonstrated later in the
was 1.5. The RHEED patterns at the end of GaAs paper. Note the fringing in larger islands (lateral
cap growth are shown as insets in figs. I and 3. dimensions ! 400 A) suggesting a departure from
Additionally, for (1) the pattern had turned metal coherence in these islands.
stabilized after about 7.5 ML of In,,Ga, .As Fig. 3A shows a (200) dark field cross-sectional
growth with the appearance of quarter order image of sample (2). A dramatic difference in
streaks which subsequently vanished during the growth morphology brought about by reducing
GaAs cap growth. the growth temperature to 4200C is observed.

Fig. IA shows a TEM (200) dark field cross- Unlike sample (1). large scale islands are not
section image of sample (1). As expected from the observed. The growth front roughness at the end
spotty RHEED pattern, one observes the forma- of the GaAs cap is within about 3 ML. The 2 ML
tion of large islands (typically 240 to 400 A wide GaAs cap appears to be discontinuously distrib-
and 55 to IM A high). The compositional contrast uted laterallN. Fig. 3B shows g = [022) plan view
obtained from the (2(X)) image clearly shows the dark field images. One again observes black/wkhite
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A

Fig. 1. Cross-sectional dark field images showing growth at 475°C of 11 ML In, 5GaO5As followed by a 2 ML GaAs cap: (A) image

with g = (002) and (B) image with g = (004). Inset shows RHEED pattern at the end of the cap growth.

strain contrast whose lateral extent indicates the distribution appears to be about 3 times denser

lateral length scale of these islands to be < 240 A, than sample (1). From the cross-section image one

much smaller than for sample (1). The island concludes that any InGaAs islands that are formed

Fig. 2. Plan views dark field micrographs with different X = (022) reflections showing strain contrast exhibited due to islands for I 1

ML ln,),(Ya,, As followed by 2 ML GaAs cap grown at 475'C.
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Fig. 3. Dark field micrographs showing the growth at 420'C of II ML In0 5Gao 5As followed by a 2 ML GaAs cap: (A) g =(200)
cross-sectional image and (B) g = (022) plan view image. Inset shows RHEED pattern at the end of the GaAs cap growth.

on top of the uniform lnGaAs layer are not as mode. Note also the presence of some very small
well developed as those in sample (1) and are ! 3 features (a few are marked by white arrows in fig.
MIL in height. However, from the plan view micro- 3B3) which appear near island edges. We speculate
graphs we find clearly the presence of small is- that these may be very small dislocation loops
lands indicating a Stranski-Krastanov growth appearing at island edges.

106

02

X80 .60 410 0 1 7 4<,> 0
111S1 AM11 I110 I1011N01I0'

Fig. 4. (A) HREM image showing a coherent and defected island for the growth of 7 ML of In1oGa0 0 As on GaAs at 520 0 C. (B)
Plot showing variation of the (011) lattice spacing (d(,,,) with distance from the interface do, I is normalized to dr~f. the spacing

measured 85 A below interface.
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Fig. 4A shows a high resolution cross-sectional concentrations for both the interfacial shear stress
image of a sample in which 7 ML of In0 .5Ga 0 5As and the normal stress (along a direction that lies
was deposited at 520'C. In this case the RHEED in the interfacial plane) components at the island
pattern had turned spotty after 3 ML of growth edges. This would make the island edge the most
indicating commencement of 3D island growth. likely site for defect incorporation.
The presence of islands which grew to heights of Finally, we examine differences between alloy
- 80 A and widths of - 250 A without defects growth and growth of short period superlattice of
(i.e. coherent) and larger incoherent islands is seen equivalent effective composition. Two samples,
in fig. 4A. From HREM of coherent islands we one containing (InAs),,,/(GaAs), (m = 1 ML, n
have measured the spacing (do,,) of the {011) = 2 ML) and another containing a straight
planes normal to the interface as a function of In 0 .33Ga 0 .67As alloy, both grown to a thickness of
distance from the interface. The results are plotted 15 ML, are discussed below. Note that the SLS
in fig. 4B. d01 , has been normalized to the spacing corresponds to an averaged composition of
(dr,) measured 85 A below the interface in the In 0.33Ga 0.67As. Both samples were grown at
substrate. In order to ensure measurement accu- 4750 C. For the SLS, the InAs and GaAs growth
racy, 29 lattice spacings in the lateral direction rates were 0.23 and 0.26 ML/s, respectively, as
were averaged to obtain each d011 value. Thus we the As (In/Ga) incorporation rate ratios were 3.4
have averaged out any lateral variation of d011. and 3.0. Following deposition of each cycle (i.e. I
One clearly observes a relaxation of the d01, spac- ML InAs and 2 ML GaAs), there was an interrup-
ing in the islands. This is a clear and direct dem- tion of 60 s under As 4 flux. For the straight alloy.
onstratior of lateral strain relief occurring at the the In flux was kept the same as the SLS and the
island edge. For large islands we frequently ob- Ga flux was increased to obtain an In 0 3,Ga 067As
serve that defects appear to be symmetrically in- composition with a resulting growth rate of 0.69
troduced near either end of the growing island. In ML/s. The group V to group III ratio in this case
the defected island in fig. 4A, two stacking faults was 2.3. At the end of growth, the RHEED pat-
can be seen symmetrically near either end of the tern from the SLS structure had turned to a
island. These are likely the consequence of partial "stubby" pattern (similar to inset in fig. 3) while
dislocation half loop nucleation near the island for the straight alloy the pattern had remained
edge. For a growing island there will be stress streaky throughout. Fig. 5A shows a plan view

Fig. 5. Plan view (022) dark field micrographs showing: (A) the 5 period (InAs)IMi/(GaAs) MI SLS growth (B) 15 ML
In(, .3Ga 0 67As growth.
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dark field micrograph of the SLS sample. Typical In 0 .33Ga 1 .67 As) with that of a straight
island contrast of the type exhibited in fig. 2 is In0.33Gao.67As alloy grown to the same thickness
observed. The lateral dimensions of the islands and find clear morphological differences between
vary from 150 to 180 A. No defects are observed, the two.
Fig. 5B is a dark field plan view micrograph
showing the In 0.33Gao.67As alloy growth. The
growth morphology appears to be quite different
from the SLS case. The strain contrast effects References
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Electrooptic effects of piezo-electrically strained AlGaAs/GaAs(11.1)
quantum wells

S.M. Shank and G.W. Wicks

The Institute of Optics. University of Rochester, Rochester New York 14627, USA

The electrooptic effects. electroabsorption and the electric field induced change in birefringence (electrobirefringence). have been
measured in 100 A (111) and (100) GaAs/AIGaAs quantum wells. It is determined that electrobirefringence at A = 1.06 Pm is 43%
larger in (111) quantum wells than in (100) oriented wells. The primary cause of this increased electrobirefringence of (I 11) oriented
wells is the anisotropy of the effective mass of the heavy holes. The increased effective mass of the heavy hole in the (111) direction
causes a larger quantum confined Stark effect, which causes larger electrobirefringence. A mass anisotropy for light holes is also
observed. A second effect, the converse piezo-electric effect (electric field induced strain), exists in the (111) wells, and is an
additional contribution to the difference between the electrooptic effects of the two orientations. The electric field dependent strain
of the (111) wells shifts the exciton absorption features, as does the quantum confined Stark effect. Unlike the quantum confined
Stark effect, however, the electrooptic effects induced by the converse piezo-electric effect should be dependent on the sign of the
electric field. This dependence of the electrooptic behavior on the sign of the electric field has been observed in (11l) quantum wells.

1. Introduction electrobirefringence at a wavelength of 1.1523 pm
is approximately equal to that of bulk GaAs.

Electrooptic effects in GaAs/AIGaAs quantum Two studies have examined electrooptic effects
wells are of importance due to their potential for of GaAs/AIGaAs lattice matched epitaxial growth
efficient electrooptic devices. There is interest as along the [111] crystal direction. It has been ex-
well in the investigation of fundamental effects perimentally shown that the electric field induced
that occur in this material system. The quantum shift of the n = 1 heavy hole to electron transition
confined Stark effect (QCSE) is the basic driving (hhl-el) is greater for (111) quantum wells than
mechanism for many useful electrooptic effects of for (100) wells [5]. It has also been shown that the
quantum wells, and has been thoroughly studied energy separation between the n = I light hole
for epitaxial growth along the [100] crystal direc- transition (Ihl-el) and that of the heavy hole
tion []. Intensity and phase modulators have been (hhl-el) transition is larger, and the heavy hole
proposed and demonstrated using the electroab- transition oscillator strength is greater, in (111)
sorptive and electrorefractive properties of the quantum wells [6]. Both experiments imply a heavy
QCSE [2,31. Another important electrooptic effect hole mass anisotropy, m* [lll]/m h[lO01 = 2.65.
is the electric field induced change in birefrin- Electrobirefringence is primarily dependent on
gence. which is termed electrobirefringence in this the rate of energy shift of the hhl-el transition
report. Electrobirefringence, which can be used to and is less influenced by the shift of the lhl-el
electrically control the rotation of the optical transition. This is due to the fact that the dif-
polarization, is caused by a difference in the elec- ference between the electrorefraction of two per-
trorefraction of perpendicular polarizations. Elec- pendicular polarizations is related to these polari-
trobirefringence in GaAs/AIGaAs quantum wells zations' absorption coefficients through the
has been previously investigated in (100) quantum Kramers-Kronig equation. The absorption coeffi-
wells f4j. It was found that the magnitude of the cients for light polarized parallel to the plane of

0022-0248/91/$03.50 -, 1991 - Elsevier Science Publishers B.V_ (North-Holland)
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the quantum well, aTE. and perpendicular to the reported, this is the first report of the converse
plane. aTM. are used to define the birefringence piezo-electric effect in III-V quantum wells.
through the relation This report demonstrates that the heavy hole

mass anisotropy and the converse piezo-electric
.nrm("'n V) -ilTM( , V) effect cause the electrobirefringence in (111) Al-

S f-lari('. V) - Aarm(w'. V)J dw' GaAs/GaAs quantum wells to be enhanced over
=7 pthat of (100) wells. This is the first experimental

-,, - - study to compare the electrobirefringence of (100)

(1) and (111) quantum wells.

The selection rules in quantum wells are such that
the lhl-el transition affects both AaT1 . and !aM. 2. Experimental procedure
however hhl-el affects only Aar,. Thus the in-
tegrand in (1) and the electrobirefringence are The samples examined in this study consisted
dominated by the heavy hole exciton feature. The of two 100 A GaAs wells centered in the cores of
heavv hole mass anisotropy should therefore be a leaky waveguides with AIGaAs cladding layers
dominant influence on the crystal orientation de- [11]. The structures were grown simultaneously by
pendence of the electrobirefringence. MBE on pairs of (100) and (w)B substrates. The

There have also been several studies on electro-
growths occurred at temperatures of 620-6500C

optic effects in strained quantum wells. It has with As 4/Ga beam equivalent pressure ratios of
been theoretically shown that, compared with that 34-44. The devices are contacted by etched mesas
of a lattice matched (111) Ga, 4 71n0,As/ with 50 [Lm stripe widths. Light at X = 1.06 jIm
Al, ,I.,n,,,.As quantum well. the hhl-el transi- from a Nd-YAG laser is endfired into the leaky
tion of a lattice mismatched ( 11) Ga, 47 1n4 As/ waveguide. Interaction of the quantum wells with
Al,,-,,In, As quantum well shifts more rapidly only the lowest o fethe ofatum wells is

with an applied electric field [7]. This is caused by asued the lorder:-mode of the waveguide is

an internal piezo-electric field, which occurs only asurd b t a angu e strutr.thinincident polarization is at an angle 45 to bothiret imatce fect [11 dietain due oth the growth axis and the plane of the quantum
direct piezo-electric effect [8]. The strain induced wells so that propagation is allowed for the lowest
piezo-electric field has been experimentally ob- oreTEadMwvguemds.heta-

servd i (11) traned ave Gan~squatum or .der TE and TM waveguide modes. The trans-
.erved in (111) strained layer GalnAs quantum mitted light is elliptically polarized due to the
wells on GaAs substrates [9.101. In either lattice birefringence of the sample. The transmitted light
matched or mismatched quantum wells grown on hrfigneo h ape h rnmte ih
atchd1o satchareated nt well gwone passes through an analyzer and is incident on a

a Il sustrae, reatedeffctthe onvrse silicon photodtiode operated with synchronous de-
piezo-electric effect, must occur [8]. but has not tecon h e agnitud ofth majorr(n)uad

previousl. been reported. The converse effect pro- minor (h) axes and the vertical (al) and horizontal

duces an internal strain in response to an exter- (a2) components of the ellipse are measured as a

nallv applied electric field along a piezo-electric function of applied dc voltage across the quantum
direction. e.g. [111]. This electric field induced wells. The orientation (a) of the major axis of the
strain will influence the electronic and optical ellipse relative to the horizontal axis is determined
properties of the crystal as would any other tyre by
of strain, such as strain caused by ext-rnal forces
or by mismatched epitaxv. The converse piezo- 2aa, cos €

tan(2 ) = - ,(2)electric effect will occur in both lattice mis- tan2.aI aj-a2
matched as well as lattice matched materials, how-
ever it does not occur for electric fields applied and its phase (p) by
along a 11001 direction. Although the direct piezo-
electric effect in GaAs quantum wells has been sin = ah/a a2 . (3)
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where phase is defined by the electric field vector 3-.

of the transmitted light. 111 electrobirefringence

E(x, Y)=a, cos(wt).5,+acos(w+ 4) . (4) X 2.5 0 100 eleo

Fig. I shows a typical ellipse measurement. The x > 2.

and v components of eq. (4) are plotted at 0 and
- 15 V. The electrobirefringence is given by 1.5-

X9-,,, IV -nTi( V')= f,_ L(5)3 1

Three waveguide lengths of each orientation. (100) 0.5

and (111 )B. were examined, and electrobirefrin-

gence determined. < 0.
The measured electrobirefringence as a func- 0 -5 -10 -15 -20 -25

tion of applied voltage is shown in fig. 2. The Applied Voltage (volts)
figure shows that the electrobirefringence at a Fig. 2. Eiearohirefringence data for (100 and (I11) quantum

reverse bias of 10 V is 43% larger in the (111) wen. Data are fit linearl .

quantum wells than in the (100) wells. This in-
crease is comparable to the 29% increase in the
energy shift of the n = 1 heavy hole transition in fringence was the same as the samples with broad
(111) wells measured by Kajikawa et al. [5]. excitons.

The electrobirefringence data shown in fig. 2 The converse piezo-electric effect was examined
were taken from samples grown at 6200C with an in three sample geometries, two (111)'s and one
As 4/Ga beam equivalent pressure ratio of 34. The (100). The (111) samples were designed to be
Ill) samples exhibited very broad exciton ab- identical except for the sign of the applied electric

sorption features which became unresolveable at a field. The first (111) sample is identical to the
reverse bias of 5 V. Samples grown at 6500 C with
a beam equivalent pressure ratio of 44 had sharp
exciton features for both (100) and (111) struc- 32-

tures beyond - 15 V. Despite these differences in LHI[IlI1B

the exciton absorption features, the elecrobire- LHIIII11A

24- LH11IO01

/ "/

40

-4
-Iov ellipse
-I v ellipse

-4 0 40-5-0 1
E (arb. units) Applied Voltage (volts)

Fig. 1. Measured polariz.ation ellipses of transmitted light Fig. 3. Energy level shifts for (lIE). (111 (A. and (1l11B quan-
through waveguide for a 0il1) quantum well. % and i compo- turn wells. Quadratic fits oif electroahsorption and photckwur-

nenits of the ellipse are plotted at 0 and - 15 V. rent data of three samples for each sample geometry.
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(11) sample used to measure electrobirefringence observations. It is therefore proposed that the
An applied reverse bias on this diode is in the converse piezo-electric effect, which operates in
[111]A direction. A reverse bias on the second the (111) samples, enables the lhl-el (111) transi-
(111) diode produces an electric field in the [11I]B tion to shift as fast as the hhl-el (100) transition.
direction. The third sample is grown on a (100) The strain which results from converse piezo-elec-
substrate and thus has an electric field produced tricity can affect the electrooptic properties of
by a reverse bias in a (100) direction. Fig. 3 shows quantum wells in two different ways. Strain can
the energy level shift versus applied voltage for the directly shift the valence band edges 114]. Ad-
hhl-el and Ihl-el transitions for samples 1. 2. ditionally. strain alters the effective masses of the
and 3. For each sample geometry, three samples light and heavy holes 1141, which will substantially
were measured. Photocurrent and electroabsorp- influence the QCSE and its resultant electrooptic
tion spectroscopies were used to measure the en- properties.
ergy levels of the two transitions as a function of Also seen in fig. 3 is an anisotropy between the
applied voltage, energy level shifts for (111) samples I and 2. Since

the quantum confined Stark effect is not sensitive
to the sign of the electric field, this observation

3. Discussion must alsi be attributed to the converse piezo-elec-
tric effect.

Several predominant features standout. The
heavy hole transition of both (111) samples red
shifts faster than the (100) sample. Since the rate 4. Conclusion
of electrical field induced shift of the energy of a
quantum well transition is roughly proportional to The magnitude of electrobirefringence has been
effective mass 1121. this observation can be ex- determined for (111 quantum wells, and it has
plained b, the effective mass anisotropy of the been shown that at an applied reverse bias of 10
heavy hole. as previously mentioned. V. there is a 43% increase from that of (100)

Additionally. the lhl -el transition of sample I quantum wells. This makes the [111] crystal direc-
red shifts as fast as the hhl--el transition of the tion attractive for electrooptic device applications.
(100) sample. Since the effective masses are quite An introductory study of the converse piezo-elec-
different. , =0.34 and r 1, = 0.094 [13]. tric effect and its effects on the optical and elec-
this behaviour is not expected. One possible ex- tronic properties of quantum wells has also been

planation could be that the thickness of the (111) presented.
quantum well is thicker than that of the (100) well.
Since the rate of energy level shift is proportional
to the well thickness to the fourth power [12]. this Acknowledgements
would account for both the heavy hole and light
hole transitions shifting faster for sample I than This work is supported in part by a US Army
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Growth and characterization of low temperature AlInAs

R.A. Metzger, A.S. Brown, W.E. Stanchina, M. Lui, R.G. Wilson, T.V. Kargodorian,
L.G. McCray and J.A. Henige

Hughes Research Laboratories. 3011 Malibu Canyon Road. MIS RL 61. Malibu. California 90265. USA

Alo 4,lno 5.As lattice matched to lnP and grown by MBE over a temperature range of 250 to 100' C and under an As. pressure
of 1 x 10 6 to 2 x 10-s Torr has been investigated. Over this temperature range of 250 to 100 oC. resistivity decreases from 2 X 10' to
3 x 10" 12 cm while photoluminescence intensity decreases by two orders of magnitude. Resistivity showed little sensitivity to change
in As4 overpressure over the range investigated. Single crystal samples grown in the range of 100 to 150 °C showed nonstochiometric
excess As of up to 1.4% as determined by secondary ion mass spectrometry, and lattice expansion of 0.1% as determined by X-ray
diffraction. Samples grown at temperatures greater than 2000 C showed no excess As or lattice expansion.

i. Introduction and beam equivalent pressures were set with a
thermocouple and ion gauge. The growth rate was

Ga, .47 1n  As and Al 1 4 ln 5 2 As lattice 600nm/h. The native oxide of the lnP surface was
matched to InP are extremely useful for high-speed desorbed at approximately 5000 C under an As,
electronic and optical devices [1,2]. Device appli- overpressure where the desorption point was de-
cations often require high resistivity, low lifetime termined by reflection high-energy electron dif-
material to act as buffers for electrical isolation fraction (RHEED) patterns. Specific details of the
and reduction of backgating and sidegating [3-51. growth of AllnAs at normal temperatures (500 C)
It has been demonstrated that these characteristics are described elsewhere [6]. During the low tem-
can be obtained using lattice matched materials perature growth of AlInAs for these experiments.
grown at temperatures substantially below those an As4 overpressure was maintained during all
of normal growth conditions [3-5]. We have in- substrate temperature ramps between low temper-
vestigated the properties of low temperature (LT) ature and normal temperature growths - there
Al,,45 ln,,. (AllnAs) material lattice matched to was no interruption of As4 overpressure. All sam-
InP. grown by molecular beam epitaxy (MBE) and pies grown are single crystal as determined by
investigated as a function of growth temperature RHEED patterns and X-ray diffraction unless
(100 to 250 0C) and arsenic overpressure. As 4  otherwise stated, Figs. la-c show the sample pro-
(I x 10 6 to 2 x 10 ' Torr). This LT AlInAs has files grown to evaluate LT AIInAs resistivity and
been evaluated using resistivity and breakdown breakdown voltages (fig. la). PL and X-ray dif-
voltage measurements. photoluminescence (PL) fraction (fig. lb), and SIMS (fig. Ic).
intensity. X-ray diffraction, and secondary ion
mass spectrometry (SIMS).

3. Results

2. Experiment 3.1. Resistwi Ov / breakdown voltage

The epitaxial layers were grown in a Riber-2300 It has been reported that low temperature
and Perkin-Elmer PHI-430 equipped with a 3 inch growth of GaAs enhances both its resistivity and
rotating substrate heater. Substrate temperatures breakdown characteristics [4,5]. We wanted to de-

0W22-0248/91/S03.50 - 1991 - Elsevier Science Publishers B.V. tNorth-Holland)
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Gaints n=1008  nto ent samples were grown over a temperature range
of 100 to 250 'C and under an As 4 pressure range

LTAlnAsUNOOPED 500nm of I X 10 - 6 to 2 x 10 - 5 Torr. The LT AlInAs was

a 8  sandwiched between GalnAs contact layers which
were heavily Si doped (1 X 1018 cm- 3 ) and grown

kP SUBSTRATE at 500 0 C to produce ohmic contact to the metalli-

a. Resistlvity/breakdown profile zation while adding negligible resistance to the

I- V measurement. Positive resist lithography was
performed to open a dot pattern for the top con-

LT AlnAs UNDOPED 500 nm tact (area = 8 x 10 - 6 cm2 ), Ti/Pt/Au (50 nm/50

hIP SUBSTRATE nm/50 nm) was evaporated, and the resist lifted
b. PUX-ray profile off in a solvent soak to produce a dot pattern. A

mesa etch was performed (citric acid-hydrogen
peroxide-water-phosphoric acid) using the metal

AtnAs UNDOPED 200 im dot as a mask, resulting in the undercut profile
LT AItnAs UNOOPED 200 rn

AIInAsUNDOPED 20m shown in fig. Id. A blanket evaporation of

in pSUBSTRATE Ti/Pt/Au (50 nm/50 nm/150 nm) was per-

c. SIMS profti formed to form the bottom contact, self aligned to
the top contact and electrically isolated from it

MeT2 TRt/Au due to the undercut of the mesa etch. The sample
MeT 1 TiPtAu was annealed in forming gas at 3000 C for I min.

CONTACT GalnAs Table I shows the results of both resistivity and
LTAlInAs breakdown as a function of growth conditions.

MeT2 Ti/Pt'Au CONTACTGa'nAs MeT2 TI/PtAu The resistivity increases from 2.7 x 106 to 2.0 x

InPSUBSTRATE 107 S2 cm over the temperature range of 100 to
d. Resislivity/breakdown device 250'C with a breakdown voltage in the range of

Fig. 1. Film profiles for measurement of (a) reistivity/ 13-15 V which results in a breakdown field of
breakdown voltage. (b) PL and X-ray, (c) SIMS. and (d) device (2.6-3.0) x 10' V/cm. A control sample was

structure for measurement of resistivity/breakdown voltage, grown in which the AllnAs was grown under

normal growth conditions (500 'C) and it demon-
strated a resistivity of I X 10 7 2 cm which is

termine whether this was also true for LT AlinAs. equivalent to that of LT AlInAs grown at 250'C.
We initially attempted to measure the resistivity of
LT AllnAs films using the structure in (fig. lb) by
utilizing a conventional Hall measurement tech- Table 1
nique. but found that the resistivity measurements Resistivity/breakdown voltage as a function of growth temper-

were limited to values of less than 10' S2 cm ature and As4 overpressure

because of the parallel conduction path of inter- Temperature As p Va,
face state s at the AllnAs-lnP interface [7]. We (0C) (Torr) (1 cm) (V)
therefore grew the structure shown in fig. ia in 100 5.x 10 2.7x 106 15

which the resistivity can be determined by measur- 175 5.0 x 10 3.5 x 10" 13

ing the I-V characteristics in a serial (top to 250 5.0x10 2.0x107  13

bottom) fashion, thereby eliminating the effect of 200 .Ox 10 " 2.2 x 10" 13
interface parallel conduction. This structure also 200 5.0ox 10 3.7x 106 13

offers the advantage of determining the break- 200 2.Ox1 l.x 10 11

down voltage of the LT AlInAs. The structure 500 5.0x 10 1.6 X10' 15
used to make this measurement is shown in fig. 10 5.0 x 10 6 .Ox 10 15

Id. The LT AlInAs was 500 nm thick and differ- "' Annealed at 550 *C for I h before top GalnAs contact,
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10 I the InP substrate (890 nm). RHEED pattern and
X-ray diffraction showed that this film was single
crystal. Growth at 175 and 250'C show intensity

10 /that is respectively one and two orders of magni-
tude greater than that of the 100°C sample. Ad-
ditionally, these samples do show signal from the

103 InP substrate (890 nm). AllnAs grown at a tem-
perature of 5000 C and under an As 4 overpressure

2 of 5.0 x 106 Torr shows a peak intensity that is

10 20
4 times greater than that of the LT AlInAs

grown at 250 'C. Therefore, over the growth range
7of 100 to 5000C, the PL intensity response in-

101 creases by approximately six orders of magnitude.
illustrating that electron-hole recombination in
AlInAs is extremely sensitive to growth tempera-

10I ture.

7500.00 9000.00

WAVELENGTH 3.3. SIMS and X-ray

Fig. 2. Photoluminescence of 500 nm AlInAs grown at 100. 175 It has been reported that LT GaAs exhibits
and 250'C. nonstoichiometric excess quantities of As, with

samples that are grown at 2000 C showing excess

Unlike LT GaAs in which the resistivity increases As on the order of 1.0% as determined by Auger
rapidly as growth temperatures are decreased from [5] and X-ray diffraction [8]. We have investigated
600 to 2000C [5]. this is not observed for LT this effect by using SIMS, from the structure
AlInAs. Change in As 4 overpressure from I x 10-6 shown in fig. 1C. Because this is a relative mea-
to 2 x 10-5 Torr does not produce any significant surement (small changes in As concentration), the
change in resistivity, but may show some slight LT AlInAs is sandwiched between AlInAs grown
degradation at the higher As 4 levels. No anneals at normal temperatures (5000C). so that the
were given to these LT AlInAs films other than change in As can be observed at the two inter-
the heating to 5000 C during the growth of the top faces. The SIMS was performed in a Cameca 4f
GalnAs contact. A sample grown at 1000C was SIMS instrument, detecting As negative sec-
given an additional anneal of 5500C for 1 h while ondaries, and using a 14.5 keV Cs primary beam
under an As 4 overpressure of 5 x 10-6 Torr. after with a current of 3.5 x 10' A and a raster of 250
the LT AlInAs growth. but before the final GalnAs tsm. A large signal level was obtained (greater
contact layer, resulting in the highest observed than 5 x 10 s per channel) allowing statistically
resistivity of 1.0 x 10' Q cm and showing no measurable variations in the As signal of 0.2%.
degradation in breakdown voltage. Fig. 3 shows the resultant profile for growth at

1400C, which exhibits excess As of 1.2%. Table 2
3.2. Photoluminescence shows the excess As as a function of growth

temperature. The spread in temperature range is

Photoluminescence (PL) done on 500 nm of LT due to spread in temperature calibration between
AlinAs grown over a temperature range of 100 to the two MBE systems used (Riber-2300 and PHI-
250°C and under an As4 overpressure of 5.) X 430) for these sample growths, with the resultant
10' Torr. and measured at 10 K, is shown in fig. excess As values averaged over several samples in
2. The sample grown at 100 *C is optically "dead-, a given temperature range. For substrate tempera-
showing no detectable signal above background, tures below 1000C, the samples were not single
in addition to not showing any PL response from crystal as determined by RHEED patterns and
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6 r r is possible that this change in As structure as a
500°C 140°C I500c result of annealing conditions may produce the

different X-ray results that were observed here.

zI 5

0 4. Conclusion

0 r LT AlInAs has been grown over a temperature
4 range of 100 to 2500C and As 4 overpressures of

,-, 1 x 10-  to 2 X 10- ' Torr. Resistivity and
o breakdown voltage were relatively constant over
ou this temperature range, actually increasing by one3 order of magnitude from 2.7 x 10' to 2.0 x 107 2

0 200 400 600 cm and then remaining constant up to normal
DEPTH(nm) growth temperatures (5000C). As4 overpressure

Fig. 3. Secondar' ion mass spectrometry profile of As in showed no strong effect on resistivity. White the
AlinAs grown at 500 and 140' C. resistivity was not a strong function of growth

temperature. the PL response was extremely sensi-

X-ray double crystal diffraction, and showed ex- tive to growth temperature. showing six orders of

cess As greater than 3.0%. X-ray diffraction of magnitude increases over a range of 100 to 500 0 C.
a sBoth SIMS and X-ray diffraction measurements

unannealed samples showed no observable peak shwdecsAspsntortetmeaue
shift due to the excess As. but samples that had showed excess As present over the temperature

been annealed at 500'C after growth. and under range of 100 to 250°C. with maximum excess As

an As 4 overpressure of , x 10' Torr showed of 1.4% for single crystal samples grown just above
increasing compressive stress for increasing 1000C. Because this excess As distorts the lattice.

amounts of excess As. with lattice mismatch. f. inducing strain, it may be possible to grow single

approaching I x 10 - for samples that maintained crystal AlinAs films with As in excess of 1.4% and

single crystallinity. Similar lattice mismatches have at temperatures less than 1000C. if the overall

been seen in LT GaAs [8]. A possible explanation film thickness/strain product is kept beneath the
for this difference between annealed and unan- critical level at which dislocations and subsequent

nealed samples may be because of the different polycrystalline growth occur [10].

location of As within the LT AlInAs as a result of
those annealing conditions. It has been observed
in LT GaAs that samples as grown at 2000C
show As uniformly distributed throughout the [i1 A.S. Brown. U.K. Mishra, J.A. Henige and M.J. Delane%.

lattice, while after annealing, large As precipitates J. Vacuum Sci. Technol. B6 (1988) 678.

of 10 nm in diameter are observed by TEM [9]. It [21 Y. Kawamura. K. Wakha and H. Asahi, in: Proc. 12th
I tern. Symp. on GaAs and Related Compounds. Ka-
ruizawa. 1985, Inst. Phys. Conf. Ser. 79. Ed. M. Fujimoto

Table 2 (Inst. Phys.. London- Bristol. 1986) p. 451.

Excess As and lattice mismatch of LT AlInAs as a function of f3l A.S. Brown. U.K. Mishra, C.S. Chou. W.E. Hooper, M.A.

growth temperature for an As4 overpressure of 5 x 10 Torr Melendes. M. Thompson, LE. Larson. S.E. Rosenbaum
and M.J. Delaney, IEEE Electron Device Letters EDL-10

Temperature Excess As (SIMS) f = Aai'a. (1989) 565.
1 (%) (X-ray) 141 F.W. Smith, C.L. Chen. G.W. Turner. M.C. Finn. L.J.

< 100 > 3.0 PolN Mahoney. M.J. Manfra and A.R. Calawa. in: IEDM Tech.

100-150 1.4 8.1 X 10 4 Digest. 198. p. 838.

150-200 0.4 1.2 × 10 4 [5] F.W. Smith. A.R. Calawa, C.L. Chen. MJ. Manfra and

200-250 0.0 0.0 X 10 4 L.J. Mahoney, IEEE- Electron Device Letters EDL-9 (1988)
77.
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Influence of nonuniform charge distribution in In 0.53Gao.47As
on the interpretation of dopant incorporation

Stefan P. Svensson, W.A. Beck, D.C. Martel, P.N. Uppal and D.C. Cooke
Martin Marietta Laboratories, 1450 S. Rolling Road Baltimore, Maryland 21227, USA

The electrical properties of In. 53Ga,. 47As grown on full two-inch lnP wafers have been studied. Special emphasis was placed on
investigations of the vertical and lateral uniformity of the material quality. Using the Mobility Spectrum Technique, a way of
unambiguously analyzing Hall effect data from samples with multiple conduction paths, a conducting substrate-epi interface layer
was found in some In 0 , 3G0 .47 As films. Despite the presence of the interface layer, good, vertically uniform mobilities in n-doped
samples were still measured in the film. A large-scale lateral nonuniformity in the sheet resistance was associated with variations in
the interface layer. A 1.5 gm thick undoped In 0 .53Ga0 4 7As layer with an In 0 .52 A10.4gAs buffer layer exhibited a 77 K mobility of
65,100 cm/V .s with no sign of interface conduction. Some lateral nonuniformity in the sheet resistance similar to the doped sample
was still observed, indicating that the substrate surface quality still affects the film quality to some degree. However, the lateral
variations in films with AlInAs buffers are much smaller and are not expected to affect. e.g., modulation-doped structures.

1. Introduction material must indeed be tolerant to wide varia-
tions in substrate temperature, flux ratios and

The material combination of In 0 _3G 0.47As and growth rate. However, the fact that films with
ln,,,Al0.4sAs, which is lattice matched to JnP, is good mobilities are not always obtained points to
attracting increased interest for use in modulation- the existence of other more dominant factors. In
doped field effect transistors (MODFETs). So far, this paper we have studied the lateral uniformity
the best low-noise transistor results have been of the sheet resistance across undoped layers, as
obtained using this material combination [1]. In well as the vertical uniformity through the film,
order to reach the same acceptance as GaAs-based and related these properties to the starting sub-
MODFETs. the growth parameter tolerances of strate surface.
the structures on lnP must be established. It should
be possible to produce uniform, high quality struc-
tures without introducing significantly more 2. Experimental
calibration time or other preparation work before
growth. All material in this study was grown on full

Historically, the problem with growth of two-inch substrates mounted in In-free holders.
In ,SGa,4 7As has been the fact that it always Since we are reporting on the purity and uniform-
turns out n-type, many times with a disappoint- ity of the In 0 ,Ga 0.47As we mention for reference
ingly low mobility. However, when looking at that thick spacer MODFETs with GaAs channels
published growth conditions used to obtain good grown in this system routinely exhibit 77 K mobil-
mobilities and low background concentrations, one ities above 200,000 cm2 /V • s. The uniformity of
observes a great spread in the data (see, e.g., refs. the sheet resistance of any layers grown on GaAs
[2,31). A certain degree of mismatch, particularly substrates normally is excellent and near the 1%
on the indium-rich side, can also be accommo- repeatability of the contactless probe (Tencor M-
dated without serious degradation of the film [4- Gage).
61. This is encouraging in the sense that the The growth rate used was 1.5 pum/h. Oxide

0022-0248/91/$03.50 '1991 - Elsevier Science Publishers B.V. (North-Holland)
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desorption was done by heating the substrate in If it is known that the sample contains N types
an As flux such that the temperature quickly of carriers, each with a single mobility, then we
reached 540'C and then dropped down to the can restrict s(fL) to have the form:
growth temperature of 520°C. These numbers were N
obtained with an optical pyrometer, calibrated on s(MA) - SI t - J,), (3)
GaAs according to the procedure developed by i-

SpringThorpe et al. [7]. The group V/III beam
equivalent pressure ratio was - 13. so that the integrals in eqs. (1) and (2) collapse to

The wafers were analyzed using X-ray diffrac- sums. We can then use a conventional nonlinear
tion, electro-chemical capacitance-voltage (C- V) least-squares fitting technique to extract more pre-
profiling (Polaron), and Hall effect with multi-car- cise values for the carrier properties.

rier analysis capability.
The multi-carrier Hall effect analysis technique

plays an important role in this investigation and 3. Results
will therefore be reviewed in some more detail. Its
most generalized form, the Mobility Spectrum Data from two particular In 0 53Ga 0 .47As films
Technique [8], has been used to study many types are reported on. The first sample was 1 j±m thick
of materials [8-111 and is useful for all systems in grown directly on the InP substrate. The first half
which the transverse elements of the conductivity micron (closest to the substrate) of this film was
tensor can be described by a (possibly continuous) undoped, and the second half micron was doped
sum of contributions, each with semi-classical to 1 X 1016 cm- 3 using Si. The other sample was
magnetic field dependence, yielding the expres- 1.5 jim thick grown on top of a 0.25 ttm thick
sions [8]: Al 0.52 ln 0.4gAs buffer layer.

Ss(t) dtL In fig. 1, we show three-dimensional maps of
0,, B) = )2 (1) the sheet resistance from the two samples. For

-f I + (uB 1no.53Gao.47As grown directly on the InP substrate
(B) f ~Bs(t) d (2) the lateral variations in the sheet resistance are

B + Bs ) 2  (2) generally significantly larger than when an AlInAs
buffer layer is used (in this case 40% versus 10%).

Here B is the magnetic induction (which, for In addition the pattern of the variations is roughly
simplicity, will be referred to as the magnetic reproduced on all wafers, indicating a substrate
field) and p is mobility. s(p) is a positive definite dependence.
conductivity density function that is assumed to When the mobility spectrum analysis was used,
be independent of magnetic field and that in- the sample grown without AllnAs buffer was
cludes the contributions of all of the parallel con- found to have two conducting layers. Without this
duction paths. analysis method the Hall mobility from the film

The function of 1 that is equal to the maximum would have been measured to be around 6500
conductivity contribution, and is consistent with cm2/V _ s at 77 K. Stepwise etching was then
a,, and a, measured at a finite number of mag- performed on the sample to further demonstrate
netic fields, is called the mobility spectrum. This the usefulness of the Mobility Spectrum Tech-
can be calculated by a direct mathematical trans- nique. As can be seen in fig. 2 a single-carrier Hall
form. It can be shown that if the sample contains effect model leads one to the incorrect conclusion
N types of carriers, each with a single mobility, that film quality improves monotonically with
then the mobility spectrum generated from Hall thickness since the mobility seems to increase, and
data at at least N + I magnetic fields will consist the doping concentration decrease, away from the
of N sharp peaks whose position and amplitude substrate. This behavior has been observed earlier
correspond to the correct properties of the car- [5,6] (and may indeed be representative of the true
riers. sample quality in some cases).
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InGaAs on [nP InGaAs on InAlAs on InP

0
0 0-

oN

Fig. 1. Sheet resistance variations in two lno.55Ga0.47As layers grown on InP. The sample 'It left hand is doped. The sample at right is

undoped and also has an undloped AlinAs buffer layer.

The multi-carrier analysis gives a completely (ii) a low-mobility peak that remains essentially
different view of the film quality. Fig. 3 shows the unchanged throughout the etch sequence. Details

development of the mobility spectrum as the film of the mobility and carrier concentration from the

surface is gradually etched away. We observe (i) a two layers are shown in fig. 4. We can see that the

high-mobility component that maintains its mobil- charge concentration of the high-mobility compo-

ity, position but whose conductivity decreases and nent decreases linearly, with a slope corresponding
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Fg. 2.e77 K Hall effect mobility and charge concentration as a function of etch depth. The results are interpreted with a single-carrier

model which edves a false imprsion of continuousbr improving material quality towards the surface (see text).
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(the exact number depends on the interface deple-
tion width, which is unknown). To our knowledge

ETCH this is the highest 77 K mobility reported for
(microns)TH MBE-grown In0 .53Ga0 47As.

0 Full Hall effect mapping of the wafers could
not be done. However, samples taken at typical

0.05 areas indicated that the main part of the dif-

ference in conductivity appeared to be in the
z interface laver. It is worth pointing out again that0

0.1s our high-mobility film with the AlInAs buffer also
-shows sheet resistance variations across the wafer,

although with smaller variations.
20.25

0.3

0.35

30

0Ai

0(0
25 - o

10  to 0

MOBILITY (em 15-s)

Fig. 3. 77 K mobility spectra recorded at each etch-step inter-
sal. 1"o carriers witi distinctly different mobilities are oh- . 10
served initially. Note how the high-mobility component o 5 _ _ _ _

vanishes as the etch progresses. 0 5

0
to a bulk concentration of I x 1016 cm ". These 0.0 0.2 0.4 0.6 0.8

factors identify this component as the top 1/2 pim Etch Depth (urn)
doped layer. The concentration and mobility of 1.0
the low-mobility component, on the other hand, (b)
remain constant until the entire layer is removed.
Thus the low-mobility peak could only have its - 6 0.8 E
origin at the solid--vacuum, or epi -substrate, in- o
terface. C- V profiling confirmed the location to 0.6 0

be at the substrate. .~4
This analysis shows that vertically, the quality 0.4 'of the film ;s very uniform. apart from a laver at

0 2the substrate interface where a large concentration 0.2
of charge resides. The mobility of 26,000 cm-/V - o-
is quite respectable for a doping level of I X 101" 0 _ "_ _ 0.0 U
cm ' as can be seen in fig. 5. The purity of the 0.0 0.2 0.4 0.6 0.8
material grown in the system is further demon- Etch Depth (urn)
strated by the mobility of the film with the AlInAs
buffer. This laer exhibited only one mobility ig. 4 a) o-carrier lal moil and ) concentraton

M i ldata plotted a, a. function of etch depth. In the region between
spectrum peak at 65,10W cm 2 and a correspond- ii 35 and 0.55 pim. the mobilities are similar enough that correct
ing background concentration around 101 cm separation into two components is not possible.
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4. Discussion certain conditions on an otherwise semi-insulating
wafer. The origin of such a layer and its relation-

The interface quality between the substrate and ship to the structure or composition of the lnP
the epi-film obviously plays an important role in surface is not understood at present. Further stud-
determining the quality of the rest of the layer. ies to resolve these issues are needed.
Our observations indicate that lateral variations in
substrate surface quality affect the interface con-
duction. The magnitude of the variations can be
quite large as was seen in fig. 1. However, even
when a conducting interface layer is formed, films
of good quality can be grown. The interface con- We have shown that conducting interface layers
duction can be largely eliminated by use of an sometimes form between InGaAs films and InP
AllnAs buffer layer. which is normally the case in substrates. The presence of such a layer was de-
devices, such as MODFETs. The origin of the tected using the Mobility Spectrum Technique.
interface charge could be either the background The presence of a conducting layer did not seem
donors in the InGaAs or InAlAs layers or inter- to affect the quality of the epitaxial film. The
face donor states (see, e.g., ref. [13]). It is less clear development of interface layers can be minimized
where exactly the electrons are moving. It is well by use of an AlInAs buffer layer. The exact origin
known that an interface layer of InAs is formed of the conducting layer is presently unknown.
on lnP when it is heated in an As flux [14,15].
However, since the thickness of this layer is only
one [15] or two [14] monolayers, one would not References
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Characterization of InGaAs and InAIAs layers on InP by four-crystal
high resolution X-ray diffraction and wedge transmission
electron microscopy

R. Houdr6, F. Gueissaz, M. Gailhanou, J.-D. Ganire. A. Rudra and M. Ilegems
Institui de Micro- et Optilectronique Ecoh" Polvtechnique Fidrale de Lausanne. C 1-1015 Lauanne. Switzerland

The indium desorption rates from InGaAs and InAlAs grown on InP substrates have been measured bs wedge transmission
electron microscopy as a function of the growth temperature. Desorption becomes significant at 545O( for both materials. No
automatching effects could be observed under the growth conditions of the experiment. The bandgap of In, Al1 ,As has been
measured at 77 K as a function of the indium content. The composition and the strain have been measured oy four-cry'stal high
resolution X-ras diffraction w% ith s., mmetrical (0041 and assymmetrical (115 ± I Bragg reflections. The intrinsic bandgap follows the
relation E,. 1 2.774 - 2.411 v and the strained material the relation v)'( r 1 0.671 + 5.236 1 - 6.929v

2
.

1. Introduction 2. Wedge transmission electron microscop)
tWTEM)

Despite the increasing interest in InAlAs and Perfect 90' wedges can easily be produced by
lnGaAs alloys, some important parameters such cleavage along any { ± 110[ planes. An image of
as the bandgap energy versus indium content or the wedge along the [0011 growth axis can thus be
indium desorption rate versus growth temperature obtained at any chosen point of the wafer. The
(T) are still not fully established, especially for wedge is transparent to electrons over a distance
InAlAs. The purpose of this paper is to show that of a few hundred angstriims. Observation is often
by using newly developed characterization tech- done along. or close to. the [100] zone axis. i.e.
niques such as four-crystal high resolution X-ray with the epilayers running parallel to the incident
diffraction (HRXD) or wedge transmission elec- beam. The WTF-M technique is interesting in
Iron microscopy (WTEM). some of these parame- several aspects:
ters can be investigated the specimen preparation is fast. and onlN a few

All the samples used in the present study have square millimetres of material are needed:
been grown in a VG V80H solid source MBE the contrast interpretation is made easier due to
system. Sumitomo InP 1001 +0.5' oriented sub- the precise knowledge of the thickness of the
strates were loaded with indium mounting and observed area:
without any substrate preparation. as better re- artefacts due to conventional thinning process
suits on modulation doped heterostructures have are avoided-
been obtained in our group with this procedure buckling and strain relaxation effects are re-
[1]. InAlAs was grown at a low V/Ill ratio i.e. duced because the substrate is not removed:
significantly lower than the ratio used for GaAs at - the steep variation of thickness across the sam-
a similar growth rate) and a high V/Ill ratio was pIe allows new possibilities to have information
used for lnGaAs. concerning the chemical composition of the layers.

(X122-0248/91/$03 50 , 1991 Elsevier Science Publishers B.V. (North-Holland)
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For more details about WTEM, see, for exam- 0.25

pie, ref. [2].
te 0.20It is now well established that indium desorp- E

tion from InGaAs or InAlAs becomes significant

for T close to the usual growth temperature, but * 0.15s

the published values range from 500'C up to
650°C [3,4]. We have measured the desorption _ 010

rate as a function of T.. The sample structure K
consists of 10 layers 1000 A thick lnGaAs (respec- 0 0.05

tively InAlAs) separated by 100 A InAlAs (respec- :
tively lnGaAs) markers. T was increased by - 10 c 0.00 -

K at each step. WTEM has been used to obtain an
accurate estimation of the epilayer thicknesses. -0.05 800 850
With this procedure the entire desorption curvc Substrate temperature (K)
can be measured using only one sample, which Fig. 2. Indium desorption rate of InP lattice matched InAlAs
eliminates discrepancy problems from one growth versus growth temperature.

to another. The growth temperature was carefully
monitored with a 0.95 jsm IRCON Modline V
pyrometer, which was calibrated against the melt- gives an activation energy of 3.15 eV (respectively
ing point of InSb at 525'C and the oxygen de- 5.2 eV) for InAlAs (respectively InGaAs). These

sorption temperature of Ga20 oxide from GaAs values must not be interpreted as representing the

at 630 'C. The temperature measurements were binding energies of indium on the surface. Correc-

done with the group Ill shutters in the closed tions have to be made because the indium cover-

position in order to prevent parasitic reflection age at the surface is not kept constant from one

from the K-cells. The temperature was stable step to another. Moreover, as T is increased, the
within + 2 K from tate beginning to the end of arsenic coverage decreases, which may affect the
each step. A typical WTEM picture is shown in indium desorption [5].

fig. I and indium desorption curves versus T are Automatching effects have been reported [4] on
shown in fig. 2 and fig. 3. From a practical point InAlAs for growth conditions where indium de-
of view, significant desorption occurs at 545- sorption occurs. We have studied this effect using
550 *C for both materials. This confirms the lowest
values published for InAlAs. An Arrhenius plot 0.

Z 0.20
E

0.15

a 0.10 InGaAs on lnP

0.00

Fig. 1. Wedge transmission microscopy of a structure consist- -0.05L 800 850
ing of ten 1000 A thick InGaAs (respectively InAIAs) layers Substrete temperature (K)
separated by 100 A inAIAs (respectively InGaAs) markers.

13101 zone axis. bright field. 300 kV. Marker represents 500 Fig. 3. Indium desorption rate of InP lattice matched InGaAs
nm. versus growth temperature.
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0.15, if s = 0, then
InAIAs on lnP7id V, k(yo) + - yo) "

T(_Y + 0 k-Y ) T *
0 0.10 strained q=0

0/ re axed  The relative variation of the growth rate is
plotted as a function of the relative variation of

> a othe aluminium flux in fig. 4. The slope of the data
Zst.si  points closely follows the behaviour calculated for

the q = 0 case, with or without strain relaxation of
the layers. We conclude that no automatching
effects are observed for both InAlAs and InGaAs

0. 0.1material under the conditions of our experiment
0 0. IA 00.3 and for y values in the range from 53% to 60%.

Fig. 4. Growth rate relative variation versus aluminium inci-
dent flux relative variation for InAIAs on tnP. The straight line
comes from theoretical calculations, -q = I is for automatching 3. Four-crystal high resolution X-ray diffraction
conditions. il = 0 is for constant Indium sticking coefficient. (HRXD)
The -l = 0 condition is calculated assuming the InAIAs is

relaxed or strained on the lnP substrate. X-ray measurements were carried out using a

high resolution diffractometer (Philips HRI). The
four-crystal monochromator was configured in its

the technique described above with similar struc- 220 setting providing an intense parallel mono-

tures grown at - 550-560* C, but now decreasing chromatic beaxi. An interesting feature of this

the aluminium incident flux in several steps. The set-up is that any Bragg reflection on any material
can be observed with no change in the monochro-

incident indium flux is maintained constant; we can se ed inc g in the onoc-
assume that the aluminium sticking coefficient is y
unity. We define two cases: (i) q = 0 if no auto- tion. 004 X-ray rocking curves demonstrate the

matching occurs, i.e. the indium sticking coeffi- high crystalline quality and excellent vertical com-

cient is constant; (ii) 71 = I if automatching oc- position uniformity of the GaInAs layers, as evi-

curs, i.e. the indium sticking (Sin) coefficient ad- denced by the low full width at half maximum

justs itself in order to keep the composition equal (FWHM) of the layer diffraction peaks and the

to the lattice matched one. The growth rate is
given by the relation IoAIAs loP

s =4k ( y ) ( S0 + 0 A ). 104 0.661im substrateV= 4k()(Io'n+4l,10- FH=l=0.538

where tn (respectively OAt) is the indium (respec- 6
tively aluminium) incident flux and k(y) repre- E rn
sents the volume of the strain or relaxed unit cell. 10
Oo are the corresponding values under lattice

C
matching conditions. The relative variation of the
growth rate with varying aluminium flux is then S102 S a
given by: 10

if .= 1 then

A V A. theta (seconds of arc)

V o* Fig. 5. Four-crystal high resolution X-ray diffraction (HRXD)
rocking curve of a 0.66 lim thick InAlAs layer on InP.
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presence of at least 15 Pendellosung fringes ob- - 1.7

tamed for both materials. Fig. 5 shows the good > E9(y)= 2.774 - 2.411y

agreement between experimental and calculated
curves for a 0.66 jAm thick AlInAs layer. To our -InAAs on InP

knowledge, no observation of this kind has yet 1 1.6

been made on InAlAs, the growth of which is Egs(y)-0.6713+ + T=77K

more critical than that of InGaAs. The simulation 5

is based on the dynamical X-ray diffraction theory * 
n l s o n

[6]. The 32 arc sec FWHM is very close to the 0 1.5

theoretical valuc. A similar fit is obtained on a I 1
jm thick GalnAs layer (FWHM = 24 arc sec). E a ur crrt or mismatch sraS 1-ma fm easured o rr c e for m is mat n

Previous reports can be found for InGaAs grown _.j _

on InP [7] and for the AIGaAs/GaAs system [8]. 1.445 0.50 0.55

A 0.5 pm thick AlInAs layer was grown with In content (y)
no suastrate rotation in order to induce a large Fig. 7. 77 K luminescence energy of InAlAs versus indium

lateral change of the indium content (y). Mapping content and intrinsic bandgap corrected for mismatch strain.

using the 004, 115 and 1 15 Bragg reflections shows
that y varies from 46% up to 57% over a quarter
of a 2-inch wafer. Asymmetrical reflection mea-
surements show that no significant strain relaxa- sity for the lattice matched material. The
tion occurs for y between 46% and 55%. However, aluminium-rich material presents a low energy
a relaxation as high as 30% was measured for an impurity line with a constant binding energy of
indium content of 57%. A long and very narrow 100 meV, while for the indium-rich material, two
stripe was then cleaved from this layer, so that a low energy lines where found. PL intensity versus
convenient relation of v as a function of the excitation power density measurements shows a
position along the stripe could be used, and photo- quadratic dependence for the high energy line and
luminescence (PL) studies as a function of y have a linear dependence for the low energy one, thereby
been performed. A typical 77K PL spectrum is confirming the nature of these lines. Fig. 7 shows
shown in fig. 6. The spectrum exhibits a sharp the measured 77 K bandgap of lnAl, ,, As versus
band-to-band emission line with maximum inten- v and the values corrected for mismatch strain

according to a simple and classical model [9]. The
bandgap values measured on the as-grown

-. In~ ~s~ (strained) layers follow the relationship E .( v)
=.InA IAs on InP9V

0.671 + 5.236y - 6.929. Applying the strain cor-
_T77K rections, we deduce the relation E4(v) = 2.774 -

2.411v for the intrinsic material. It is important to
. notice that the intrinsic bandgap has a linear

dependence and does not show any particularity
hnP at the lattice matched value, in contrast to the

InAlAs measured values for which the bandgap is de-

termined by elcctron-to-heavy-hole transition
when v > 0.52 and electron-to-light-hole transi-

tion when y < 0.52.
The lattice matched bandgap of AlInAs at 77 K

700 Soo oo 1000 10oo was found to be Eg = 1.511 eV. This result is in
Wavelength (nm) close agreement with values from refs. [3,10]. Pre-

Fig. 6. 77 K photoluminescence of lattice matched InAlAs on liminary measurements at 4 K show a 17 meV
inP. wide PL line at 1.507 eV for the lattice matched
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material, which gives a bandgap E, 1.5 16 eV References
after binding exciton energy correction.
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MBE overgrowth of implanted regions in InP: Fe substrates

H. KUinzel, R. Gibis, W. Schlaak, L.M. Su and N. Grote
Heinrich-Hert:-lnstitut fir Nachrichtentechnik Berlin GmbH. Einsteinufer 37. W-1000 Berlin 10, GermanY

The MBE growth of InGaAs layers on Si-implanted lnP: Fe substrates was investigated. Ion doses and energies used were in the
range of 5 x 1012-5 x 1014 cm and 100-700 keV, respectively. Among the different annealing conditions tested, i.e. in-situ
annealing in the MBE growth chamber at 5000C, rapid thermal annealing at 650'C. and high temperature annealing at 750'C
under PH3/H, partial pressure, only the latter method was found to ensure restoration of the substrate crystal and high-quality
overgrowth as assessed by RHEED and X-ray diffractometry. Heterojunction bipolar transistors employing an implanted overgrown
collector were successfully fabricated.

I. Introduction tation (n- and p-type) represent suitable tech-
niques for selective doping.

For advanced long-wavelength integrated opto- In this study multiple ion implantation was
electronics the use of semi-insulating lnP: Fe sub- applied to selectively define the n j/n-doped sub-
strate material is a prerequisite to allow for electri- collector (contact) collector region of an InP-based
cal isolation of the devices involved. Unfor- HBT which is taken as an example for a device
tunately. most of the components to be used in making use of embedded layers.
integrated optoelectronic circuits (OEIC) exhibit a Different annealing conditions were investi-
vertical (e.g. laser, photodiode. heterojunction bi- gated to provide a substrate surface suitable for
polar transistor (HBT)) rather than a lateral de- the MBE overgrowth of an ln 0 52 Al0 48 As/ln0 53
sign which generally leads to mesa-type devices Ga0 .47As layer sequence (referred to as InA1As/
the height of which can amount up to a few InGaAs), completing the HBT layer structure. Re-
microns. In particular. a contacting layer with a suits on single medium-size transistors and in-
sheet resistance as low as possible needs to be tegrated laser driver circuits will be presented
incorporated at the bottom of the epitaxial device demonstrating that the developed implantation
structure to provide low ohmic current access. As based buried layer technology is well suited for
such layers require a substantial thickness they the fabrication of devices.
may considerably contribute to the total device
height, thereby impeding the fabrication technol-
ogy. The use of buried contact layers embedded 2. Embedded collector HBT (EC-HBT)
into the semi-insulating substrate provides a means
to minimize this problem. Moreover, applying this In fig. 1, a schematic cross-section of the em-
scheme to other layers of the device structure can bedded collector HBT (EC-HBT) is shown. The
help reduce parasitic elements as is true for the n+/n collector region is formed by selective ion
HBT structure shown below. Embedded layers can implantation of Si into a Fe-doped InP substrate.
be created either by selective infill growth into To improve the quality of the InP: Fe material an
grooves or by selective dopant incorporation to episubstrate approach [11 can be applied as an
locally convert semi-insulating into conductive alternative. In this case, a > 10,um thick MOVPE
material. Both diffusion (p-type) and ion implan- lnP: Fe layer is first grown onto an n+-InP: S

0022-024h/91/$03.50 V 1991 - Elsevier Science Publishers B.V. (North-Holland)
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E n' InGaAs The base and emitter layers are grown by MBE
}B n )InAlAs directly onto the implanted substrate after anneal-

InGaAs p UP. ing such that the collector/base heterojunction
,il....... corresponds to the substrate/ layer interface. The

Zn tbase consists of a 150 nm thick Be doped InGaAsZ+ 0s layer (p = 1 x l ~ts cm 3 ) with p--doped 30 nm
Si implantation thick spacer regions (p = 5 x 106 cm-3). For the

Fig. 1. Schematic cross-section of EC-HBT employing a Si-im- emitter a 150 nm thick Si-doped InAlAs layer
planted collector and a MBE grown InGaAs/InAlAs (.t = 2 x 1017 cm

- 3
) is employed. The layer se-

base/emitter layer structure. quence is completed by a 150 nm InAlAs: Si layer
and a 100 nm thick n+-InGaAs: Si contact layer

substrate. This approach not only ensures a well- on top (n += 2 x 1019 cm- 3). Within the upper

defined Fe concentration, adjusted at (1-2) x 10"' InAlAs layer the donor doping concentration is

cm-', but also a reduced density of defects due to gradually increased from the emitter to the con-

the use of a low EPD n'-substrate. For the MBE tact layer value. Further details on the device

growth studies homogeneously n +/n-implanted structure are given in ref. [2]. Due to the use of an

InP: Fe substrates were employed whe:reas for the embedded collector the device height amounts to

growth of HBT layer structures selectively im- only 0.6 pm which may be further reduced.

planted episubstrates were used.
To synthesize the n /n dopant profile in the

substrate, multiple implantation is employed with 3. MBE growth on implanted surfaces
the ion energies and the doses ranging frum 100 to
700 keV and 5 x 1012 to 5 x 1014 cm -3 respec- In principle, ion implantation leaves a distorted

tively. Double-ionized Si is used for energies > 400 crystalline region near the surface. Although mi-

keV. The resulting carrier depth profile of the croscopic inspection of the samples used in this

implanted region as measured by C-V profiling work revealed no difference between the im-

after annealing is shown in fig. 2. The resulting planted and unimplanted regions with respect to

sheet resistance is measured to be approximately surface morphology, MBE growth on non-an-

40 2/O. In some instances the use of lnP: Fe nealed implanted regions yielded poly.rystalline

substrate material gave distorted implantation deposits exhibiting high electrical resistivity [3]. In

profiles in the highly doped subcollector region, order to obtain surfaces suitable for subsequent

which is attributed to a non-homogeneous Fe dis- MBE growth, three different annealing techniques

tribution. were compared. Firstly, to achieve an in-situ an-
r.ealing/MBF growth process thermal treatment
of the substrate in the growth chamber was tried

S1019 using an annealing time of 1 h in a stabilizing As4
Si-InP Fe R-O = 9 1 beam [4] after oxide desorption. Secondly, rapid

E / thermal annealing (RTA) which has proven suita-
101Si

subotecorble for fully activ ting the incorporated Si ions
was utilized. This thermal treatment was carried

7collecto out in an inert atmosphere at a temperature of
10 05 650 'C for 30 s. As the third method, high-temper-
so ature annealing performed at 7500 C for 20 min,
70 Iso with the surface of the implanted substrates being

0 .5 10 is stabilized in a PH /H, ambient, was studied.
Depth t m - After implantation and annealing the samples were

Fig. 2. Doping concentration depth profile in Si-implanted cleaned in a dilluted HF solution and are intro-
InP: Fe (implantation parameters given in the inset). duced into the MBE growth chamber without any
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a bC
100"

C3

angle / a. u.
Fig. I Dependence of substrate status and epitaxial layer quality on annealing conditions measured by RHEED ((2x4) RHEED
patterns of Si-implanted tnP: Fe) and X-ray diffraction (X-ray diffraction patterns of 0.6 ,m MBE GalnAs), respectively: (a) in-situ

annealing, I h, 500' C; (b) rapid thermal annealing, 30 s, 650* C; (c) high-temperature annealing in PH3 ambient. 20 min. 750 * C.

additional etching procedure. The results of this terrupted bulk-type reflection lines being strongly
study in terms of the quality of the substrate intensity modulated indicating a still imperfect
surface and of overgrown MBE lnGaAs layers are restoration of the crystal lattice. In addition, the
presented in fig. 3 which also summarizes the onset of surface reconstruction lines is visible.
different annealing conditions. However, using the long-term high temperature

The crystalline condition of the uppermost annealing process under PH 3/H, yields a RHEED
atomic layers of the substrate was examined by pattern which is comparable to that of unim-
means of the RHEED pattern. Mainly the (2 x 4) planted substrate material. The achievement of
reconstruction of the surface was observed to judge homogeneous and complete reconstruction of the
the surface state. In the case of in-situ annealing bulk and surface region is clearly demonstrated in
in the MBE system at temperatures below 400 OC, fig. 3c.
the RHEED pattern shows a circular intensity InGaAs layers with a thickness of 0.6 jam were
distribution being characteristic of an amorphous subsequently deposited by MBE onto fully im-
surface layer With increasing the substrate tem- planted substrates, annealed as discussed above.
perature to 500 °C broken bulk-type reflection The surface morphology and the crystalline qual-
lines tend to appear. After an annealing time of 1 ity of these layers were assessed using interference
h at this temperature the amorphous contribution contrast microscopy and X-ray diffractometry, re-
of the RHEED pattern disappears and the inten- spectively. Diffraction patterns were recorded in
sity of the reflection lines increases which, how- the vicinity of the symmetric (400) reflection using
ever, are still interrupted, as shown in fig. 3a. In Cu Ka t radiation.
fig. 3b, a RHEED pattern is displayed which was As a result, growth on substrates exhibiting a
taken on a RTA annealed wafer after oxide de- non-ideal surface state gives rough InGaAs
sorption. It can be seen to be composed of non-in- surfaces. In the case of the in-situ annealing pro-
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cess the surface is extremely deteriorated char- [7]. A reduction of the growth temperature for the
acterized by a roughness of the order of 100 nm. Be-doped based layer to minimize acceptor diffu-
The respective diffraction spectrum shows only sion was considered to be not necessary because
one peak which is related to the substrate (fig. 2a). the doping level of 1 x 10 s cm - ' used here is
The use of the RTA process results in some im- below those concentration levels which give rise to
provement of the morphology with the roughness enhanced diffusion [8]. At the p/p- and the het-
being reduced by a factor of about five compared erointerface MBE growth was interrupted for 90 s
to the former procedure. Additionally, in the dif- to optimize the acceptor profile and to minimize
fraction pattern a very broad structure, illustrated variation in the alloy composition due to flux
by the shaded area in fig. 2b, is indicative of some transients. This interruption however, has no
ordering. The center of this band which almost negative influence on the heterojunction built-up
coincides with the substrate peak demonstrates the as confirmed by an interface state density of 1 X
properly matched alloy composition of the MBE 1010 cm - 2 . Following the MBE growth, EC-HBT
InGaAs layer. As expected from the RHEED devices were fabricated according to the design
studies on substrates annealed at 750'C under illustrated in fig. I and as described in ref. 12].
PH, partial pressure, overgrown layers exhibit a Here the performance of the devices will be briefly
smooth surface comparable to layers grown on summarized only to demonstrate that the growth
,unimplanted substrates. The X-ray diffraction on implanted areas yields epitaxial material which
spectrum of such samples is composed of two meets the demands of high-quality devices. The
closely neighbouring sharp peaks with the FWHM electrical quality of the growth interface between
value amounting to 30-40 arc sec for the 0.6 um the implanted region and the epitaxial base layer
lnGaAs layer compared to 15 arc sec for the forming the collector p/n junction is crucial for
substrate. These figures are in agreement with the I/V properties of the HBTs. A representative
data given in the literature for high quality MBE forward I/V cha.acteristic of the collector diode
growth [5]. As a conclusion, high quality MBE is given in fig. 4. The ideality factor obtained is
growth is achievable on heavily implanted lnP mostly less than 2, with typical values being around
substrates provided proper annealing conditions 1.8. which gives another indication of the high
are chosen. It remains to be investigated, however, quality overgrowth achieved on the implanted
whether this also holds for even higher ion doses substrates. This result also suggests that the rela-
and ion energies different from those used in this tively high density of interface states measured by
study. the C-V profiling techniques does not cause a

4. MBE growth and device characteristics of EC-
HBT 10

Based on the process described above complete
layer structures for EC-HBT devices (section 2) -0

were grown by MBE using a substrate tempera-
ture of 5000C. Slightly As-stabilized flux ratios 10-
were applied. Under these growth conditions In
AlAs layers were found to exhibit an optimum

surface morphology [6]. For InGaAs no variation 10"1
of the crystalline and electrical properties was a a

observed when grown between 450 and 580*C. 0 0.2 0.4 0.6
Despite the incorporation of the InAlAs layer an bias voltage / V
ideal morphology was obtained for the entire layer Fig. 4. 1/V forward characteristic of EC-HBT base/collector
stack due to lnGaAs grown as the starting layer diode.
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noticeable degradation of the electrical behaviour strates the usefulness of this technological ap-
of the collector heterodiode. proach.

Well behaved common emitter characteristics
with a breakdown voltage of more than 3 V and
current gains of the order of 100 at collector References
current densities of 102_104~ A cm -2 (emitter area:
8 x 32 utm 2) were attained. The transit frequency (1I N. Grote, 11G. Bach. D. Franke. P. Harde. B. Sartorius

(fT) was measured to be approximately 9 GHz for and P. Wolfram. in: Proc. 19th ESSDERC Eds. A. Heu-
these medium-size devices. Moreover, an in- berger. H-. Ryssel and P. Lange (Springer, Berlin. 1989) p.

tegrated laser driver circuit consisting of three 275.
121 L.M. Su. H. KiinheL. R Gibis. Gi. Mekonnert, W. Schlaak

EC-HBTs and a resistor was fabricated which is and N. Grote. in: Proc. 20th ESSDFRC. Nottingham, Sept.
capable of current modulation at bitrates of up to 1990 to he published.
4 Gbit,/s [9]. [31 P. Favennec. L. Henrv. A. Regreny and M. Salvi. Electron.

Letters 18 (1982) 933.
[41 (i.J. D~avies. R. leckinghottorn. It. Ohno CE.C. Wood

5 '.-.-..-...~.-..and A.R. Calawa. AppI. Phvs. Letter, 37 (19801 290).
~UELEUI~iN[51 C. Ferrari. P. Franzosi. L. Gastaldi and F. Tajariol. J.

AppI. Ph -s. 63 (1988) 2628.
A studv on the MBE growth of lnGaAs layers [01 A. Hase. J. Boutcher, R. Gibis and ti. KUn,.el, unpublished

on selectively Si-implanted InP: Fe substrates was results.

performed. Three different methods for annealing. 171 C. Schramnm. It. Ki.el. C. Bornholdt. L.%M. Su and 11.1.
Wehniann. in: Proc. 19th ESSDERC. Ed.,. A. Hecuberger.

i.e. in-situ annealing prior to MBE growth, rapid IL Rvssel and P. Lange (Springer. Berlin. 1989) p. 59.
thermal annealing (650'0 C), and high- tempera tu re 181 W. Passenherg. P. Harde. 1t. Kilizel and D. Trommcr. in:
annealing at 750' C in PH,/f1. have been in- I'roc. 2nd Intern. Conf. on Indium Phosphide and Related

Nestigated. Only the latter procedure was found to Materials. Denver. CO. 1990. IFf-F Catalog No. 90J (

ensure high-qualilx overgrowth which allows the 2859-7 (1990) p. 195.
191 L.M. Su. H. Kiinzel. lI.(. Bach. W. Schlaak and N. Grote.

fabrication of devices emploving implanted layers in: Proc. 17th Intern. Sxmp. tin (ia.-X and Related Comn-
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of HIBTs with an embedded collector demon- tLondon-Bristol. 1991).
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Effects of substrate orientation, pseudomorphic growth and superlattice
on alloy scattering in modulation doped GalnAs

Albert Chin *, T.Y. Chang, A. Ourmazd, E.M. Monberg **, A.M. Chang
A T & T Bell Laboratories. Crawfords Corner Road. Holmdel, New Jersey 07733-1988 USA

and

C. Kurdak
Department of Electrical Engineering, Princeton Unhversir. Princeton. New Jersev 08540. USA

The possibility of reducing alloy scattering in MBE Ga , In- .As has been studied experimentally by growing modulation doped
heterostructures (A) with an InAs/GalnAs superlattice 2DEG channel, (B) on a vicinal (110) InP substrate, and (C) with a strain
compensated pseudomorphic channel. The maximum 77 K mobility obtained in each case is (A) 60.600, (B) 69.300, and (C) 123,100
cm/Vs. using x = 0.50. 0.53. and 0.80, respectively. Partial alloy ordering is observed in case (B). Cyclotron resonance measure-
ments indicate that the reduction of m* contributes much less to the enhancement of mobility in case (C) than the alloy composition
factor W-(] - x). Alloy ordering may also be important.

1. Introduction InAs/Ga, ,1no ..As superlattice channel on (100)
inP. (B) lattice matched layers on vicinal (110)

Heterostructures of Gat -,In,As/Al,, 4,ln,. 5, lnP, and (C) highly In rich pseudomorphic layers
As grown on lnP substrates, in addition to being grown on (100) InP.
important for photonic devices in the 1.3 to 1.7 Our results show record high mobilities in all
jim spectral range, have been proven advanta- three categories. For vicinal (110) growth, en-
geous over those of the GaAs/AIGaAs system for hancement of mobility over (100) growth is
high speed electronic devices, due to several super- achieved for the first time. The highest 77 K
ior electronic transport properties. At cryogenic mobility of 123,100 cm2 /V - s is obtained on (100)
temperatures, the electron mobility in GalnAs is, substrate in a pseudomorphic channel of x = 0.80
however, generally lower than that in GaAs, due by using a novel strain compensation structure (1].
to alloy scattering. At room temperature, alloy This high mobility enabled us to observe sizeable
scattering is less important but still significant. In h/e Aharonov-Bohm effect in GalnAs for the
this paper, we present the results of experimental first time. The improvement of mobility with the x
investigations in which three different avenues to- value is interpreted with the help of cyclotron
wards reduced alloy scattering in modulation resonance data.
doped heterostructures are explored. These ap-
proaches involve the use of (A) a short period

* Current address: General Electric Co., Electronics Park. 2. Experimental

Syracuse. New York 13221, USA.
* AT & T Bell Laboratories, Murray Hill. New Jersey 07974- The heterostructures used in the present study

2070, USA. were grown at - 500'C in a solid-source MBE

0022-0248/91/$03.50 , 1991 - Elsevier Science Publishers B.V. (North-Holland)
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system. Two sets of In and Ga cells were used to measurement of a 2 1,tm thick Gao.4 71n,. 53As layer
facilitate calibration and growth of various layers. grown on top of a 0.4 /tm AllnAs buffer layer
In general, the modulation doped heterostructures yields an unintentional doping level of ND - NA =

consist of a 300 nm undoped Al0 .4 In0 . 2 As buffer 1.6 x 10' cm - 1 and a 300 K mobility of 12,000
layer, an undoped Gao.47 In 0.53 As smoothing layer, cm 2/V s. In 2DEG channels of this purity,
a two-dimensional electron-gas (2DEG) channel, a ionized impurity scattering at 77 K is relatively
10 nm undoped Alo.48In0 .5 2As spacer layer, a 20 low and alloy scattering is expected to play a
nm Si doped ((2-3) x 10' cm - 3 ) Al0.48lno.52 As significant role in limiting the electron mobility.
layer, a 30 nm undoped A10 .48ln 0 .52As Schottky Summarized in table 1 are the measured Hall
barrier layer, and finally a 20 nm Si doped (3 x data for the superlattice-channel samples (Struc-
10 18 cm- 3) Gao-471lno. 3As cap layer for ohmic ture A) along with those for a lattice matched
contact. The combined thickness of the Ga0.4. modulation doped heterostructure sample grown
In0 .53As smoothing layer and the channel layer are in the same series. The best mobilities were ob-
held to stay within a narrow range between 50 and tained for the (5, 2. 3) sample, being 11.600 and
55 nm for consistency. 60,600 cm 2/V -s at 300 and 77 K respectively.

The three groups of samples differed mainly in These values are superior to those for the lattice
the design of the 2DEG channel. Structure A matched sample grown during the same period of
consisted of I periods of (lnAs),,/(Ga051 lnO., o  time in the same MBE system. More significantly,
As), superlattice channel, where m and n indicate they are much superior to the best values reported
the number of monolayers. Three samples of previously for (lnAs),,,(GaAs),, superlattices which
structure A were grown with (I. m. n) values of are considered to be the ideal structure for sup-
(5. 1. 3). (5, 2. 3) and (4. 3. 3). Structure B is grown pressing alloy scattering [3).
on vicinal (110) lnP and contains a lattice matched The samples on vicinal (110) substrates were
Ga, 471n, 53As channel. These vicinal (110) sub- grown at 470 and 510' C. The Hall data for these
strates are tilted 6' toward the (111) pole to samples along with the data for (100) samples
promote quasi 2D growth. The structure C con- grown side by side with them are summarized in
tains a pseudomorphic Ga, InAs channel with table 2. For 470'C growth, the mobility is lower
various x values from 0.53 to 0.85. For x _ 0.70, a for the vicinal (110) sample. When the growth
channel thickness of 15 nm is used. For x > 0.70. temperature is raised to 5100 C. the mobility val-
a strain compensation layer of 3.5 nm Ga075 ues for the (100) orientation improves slightly
ln,,.,As is incorporated just beneath the channel while those for vicinal (110) orientation improve
layer to partially balance the strain in the struc- significantly and surpass the (100) values. Consid-
ture. ering the typical depcndence of mobility on the

The low field transport properties were in- 2DEG density 141, the 77 K mobility for vicinal
vestigated by Hall measurement. The n* cap layer (110) case is seen to be enhanced over that for the
was removed after ohmic contact formation to (100) case by at least 10% for the same 2DEG
avoid parallel conduction. The dependence of
electron effective mass on InAs mole fraction in
the pseudomorphic channel was characterized by Table I

cyclotron resonance (CR) measurements at wave- Measured Hall data for (nAs)_ /((IalnAs), SL channel mod-

lengths of 70.6 and 118.8 p~m. ulation-doped heterostructures

(I. m. n) pU (cm 2/ V s) n21*F(; (cm )

300 K 77 K 300 K 77 K

3. Results and discussion (5, 1.3) 7200 - 2.02 x 1012 -

(5, 2,3) 11600 60600 1.78x 10' 2  1,68 X10"2

The growth conditions used in the present study (4. 3.3) 5800 - 2.00 x 102 -

are similar to those used previously to obtain high Lattice-

quality ternary and quaternary layers [2]. Hall matched 10700 48000 1.45X 1012 1.43X 101
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Table 2 3.0-
Measured Hall data for GalnAs/AllnAs modulation-doped - Experinal tal

heterostructures grown on (100) and vicinal (110) orientations 2.5-

Tth Orien- Mobility 2DEG density E
(° C) tation (cm

2
/V s) (cm - 2) 2.0-

300K 77K 300K 77 K 1.5

470 (100) 11100 63000 1.81 X 1012 1.56x 1012 W

(110)v 9600 56400 2.32x10 2 1.68X101 2  = 1.023

510 (100) 11100 64200 1.23 X 10
2 1.13x101

2  0.5

(110)v 11320 69300 1.75x 101
2  1.65 10

12

0.0-
0.5 0.6 0.7 0.8 0.9

density. Cross-sectional electron diffraction pat- Composition, X

terns from thicker GalnAs layers reveal mod- Fig. 1. Enhancement of measured 77 K mobility in pseudomor-
phic Ga1 - In , As 2DEG channels over the x = 0.53 value as a

erately strong Ga-In ordering in the vicinal (110) function of x (open squares). The solid symbols show calcu-

case [5] and essentially random Ga-In distribu- lated enhancement of alloy limited mobility.

tion in the (100) case. The observed small en-
hancement of mobility for this orientation may be
due to the partial ordering and/or the reduced The Hall data are summarized in table 3. Included
incorporation of background acceptors. Further in the last column of the table are the experimen-
details including the electron diffraction patterns tal values of the electron effective mass in these
will be published elsewhere. samples measured by far infrared cyclotron reso-

Improvement of 2DEG mobility and MOD- nance. The decrease of m-R with increasing InAs

FET performance by the use of In rich pseudo- mole fraction is seen to be relatively minor. This is
morphic channel layer has been limited previously due to the high Fermi level in these samples arid
to _ < 0.65 due to rapidly diminishing critical the increasing nonparabolicity with increasing x
layer thickness with increasing x [6,7]. We have value. The band-edge effective mass values de-
demonstrated that the unacceptably small critical duced from these data, however, are in reasonably
layer thickness for x > 0.7 can be significantly good agreement with the values interpolated be-
increased by the use of a novel strain compensated tween those of GaAs and InAs after correcting for
structure [11]. By this technique we have achieved the effect of strain. Further details will be pub-
new record high mobilities of 15.300 and 123,100 lished elsewhere [8].
cm 2/V - s at 300 and 77 K respectively at a high The enhancement of these measured mobilities
2DEG density of - 1.8 X 10'2 cm 2 in GalnAs. over the lattice matched value are plotted in fig. I

as open squares. The sudden drop of enhancement
beyond x = 0.8 is believed to be due to the devel-

Table 3 opment of misfit dislocations.
Measured Hall data for strain compensated modulation-doped The alloy scattering limited mobility in a 2DEG
heterostructures
In_______________density _______ channel is given theoretically by [9]:
In Mobility 2DEG density mRm

1 ) (cm 2/V's) (cm 2) at4 K e 16
300 K 77 K 300 K 77 K P

1
AL rn*2 h(1 -_)S(.AU 3( b1 + b)

53 11100 64200 1.23x 102l 1.13x 102 (.0521
60 12500 73100 1.39x 1012 1.21 × 10' 0.0507 where Q is the volume of the primitive cell. S is
65 12800 8300) 1.48 x 012 1.41 x 1012 the degree of randomness, AU is the alloy scatter-
75 14100 113000 1.71 x 10' - 1.65x 102 ing potential, and b0 and b,,, are depth parame-
80 15200 123100 1.84x 1012 1.81 X 1012 0.0500 ters related to the extent of the wave function in

the 2DEG channel obtained here by using the
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triangular potential approximation. The calculated arise mostly from the alloy composition factor
enhancement of AAL over its lattice matched value x(1 - x) and possibly from the increased degree
is plotted as solid symbols in fig. I assuming of alloy ordering rather than from the reduction of
S = 1. Since m* is nearly constant in our samples, m*. This type of heterostructure is very promising
most of the enhancement arises from the alloy for very high speed transistors. Small enhance-
composition factor x(1 - x). The observed en- ment of mobility has also been demonstrated for
hancement is seen to be considerably larger than vicinal (110) growth. This unconventional sub-
the calculated enhancement for PAL" The dis- strate orientation is interesting for novel devices
crepancy is too large to be reconciled by possible and for its demonstrated ability to provide greater
dependences of AU and ionized impurity scatter- threshold voltage uniformity [11]. High mobility
ing on x [101. A possible explanation is increasing has also been demonstrated for the first time in an
degree of alloy ordering (S < 1) in these samples. InAs/GaInAs superlattice channel. This structure

Record high mobilities achieved in these sam- is, however, not yet competitive with pseudomor-
pies enabled us to observe quantum interference phic heterostructures.
in GalnAs for the first time. Large h/e Aharo-
nov-Bohm oscillations with periods of 13.5 and
25 G were observed at 0.4 to 1.9 K in two differ- References
ent square ring structures of 0.45 Am wide ridges
1.8 and 1.3 Am long on each side. These rings were Il A. Chin and T.Y. Chang, J. Vacuum Sci. Technol. B8

(1990) 364.fabricated by electron-beam lithography on a 121 D. Biswas. A. Chin. J. Pamulapati and P. Bhattacharva. J.
pseudomorphic sample with x = 0.80 and a 4 K Appl. Phys. 67 (1990) 2450.

mobility of 154.000 cm 2/V • s. Comparative stud- 131 T. Fukui and H. Saito, Japan. J. Appl. Phys. 23 (1984)

ies using this and the AIGaAs/GaAs heterostruc- L521.

ture system should allow us to answer some [41 L. Aina. M. Mattingly and B. Potter, Appl. Phys. Letters
51 (1987) 1735.fundamental questions related to the quantum in- 151 T.S. Kuan. W.I. Wang and E.L. Wilkie. Appl. Phys.

terference effects. Letters 51 (1987) 51.
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High electron density and mobility in single and double planar doped
InGaAs/InAIAs heterojunctions on InP

F. Gueissaz, R. Houdrd and M. Ilegems
Institut de Micro-et Optoflectronique, Ecole Polytechnique Fidirale de Lausanne, CH-10 5 Lausanne, Switzerland

We present results of a growth study concerning the electrical properties of lattice matched lnAlGa/lnGaAs single planar doped
(SPD) and double planar doped (DPD) heterostructures grown on InP by molecular beam epitaxy (MBE). It is shown that room
temperature electron mobilities (H) as high as 11000 cm2/V-s at high sheet densities of 2.8 x 1012 cm - 2 can be obtained by
optimizing the growth temperatures of each material in the SPD structure. High performance two-dimensional electron gas field
effect transistors (TEGFETs) are demonstrated, with transconductances as high as 420 mS/mm at I /&m gatelength and fT's of 46
GHz at 0.7 pm gatelength. The DPD heterostructures further boost the n, values up to 6.2X 10 12 cm- 2 at I

1
H (300 K) = 6000

cm 2/V -s.

I. Material growth opening of the shutter. Prior to growth, the group
III element fluxes were measured with an ion

All samples used in the present study have been gauge. Although we do not believe in absolute flux
grown in a VG V80H solid sources MBE system. measurements by this method, we found the in-
Sumitomo InP: Fe (001) ± 0.50 substrates were dium over gallium, or indium over aluminium
loaded without any substrate preparation, as bet- beam equivalent pressure (BEP) ratios to give a
ter results in terms of defect density and surface reliable indication of the alloy compositions. The
morphology have been obtained in this manner, group III fluxes were then finely tuned by using a
without significant difference in the electrical previously calibrated y/(l - y) versus In/Ga or
properties of modulation doped heterostructures. In/Al BEP curve, where y is the InAs content

The growth temperature was measured with a
0.95/im IRCON Modline V pyrometer, which was
calibrated against the melting point of ISb at InGaAs layer
525 *c and the oxygen desorption temperature from Im anP substrate
GaAs at 630 'C. Prior to growth, the substrates -- s.

were heated up to 500-505' C under arsenic flux Atheta -373 arcsec
for a few minutes and growth was initiated when -=33-

surface reconstruction lines could be observed by Z' In=55 %

RHEED. The temperature was subsequently ad- FWHM = 24 arcsec

justed to the desired values for the different ternary .E
alloys. Fast temperature transients of up to 500 C
in less than 40 s were obtained by following a
carefully calibrated substrate heater power sched-
ule. -400 -300 -200 -100 0

Undesired flux transients at the opening of theta (seconds of arcs)
K-cells have been reduced from 5% down to 0.5% Fig. 1. 004 X-ray rocking curve of a 1 pam thick lnGaAs layer

by increasing the cell temperature set point at the grown on InP.

0022-0248/91/$03.50 , 1991 - Elsevier Science Publishers B.V. (North-Holland)
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measured by four crystal high resolution X-ray first Si doping plane containing 2.8 x 1012 cm - 2

diffraction (HRXD). A single K-cell generated the donors, a first 70 A InAlAs channel spacer layer, a
arsenic flux and the growth rate was kept constant 200 A InGaAs channel layer, a second 70 A
at 0.65-0.7 Ipm/h. With this procedure, lattice InAlAs channel spacer layer, a second Si doping
parameter control and reproducibility to better plane containing 6.0 X 1012 cm- 2 donors, a 200 A
than 500 ppm could be achieved. InAlAs top undoped layer and a 50 A n+-InGaAs

The good material quality has been evidenced cap layer (fully depleted). The growth tempera-
by 004 X-ray rocking curves with a full width at tures for the InAlAs and InGaAs layers were 535
half maximum of 25 arc sec for 1 pm thick In- and 485'C, respectively.
GaAs (fig. 1). This value is very close to the Schottky diodes for the capacitance versus bias
theoretical one [1]. measurement were made on sample A and D by

Ti/Au (500 A/4500 A) evaporation after recess-
ing approximately 90 A from the surface. The

2. Sample design and device fabrication necessary side-ohmic contacts were made by
Ni/Ge/Au/Ti/Au evaporation and followed by

We consider here three different single planar an alloy cycle at 360*C under protective atmo-
doped (SPD) samples labeled A, B and C as well sphere.
as one double planar doped (DPD) sample labeled Chips containing 0.7 to 5 p m gatelength
D. The labels follow the increasing order of elec- TEGFET's were fabricated on all samples by a
tron sheet densities measured on the samples. standard process using optical UV lithography

Fig. 2 (left) shows the structure of samples A and consisting of mesa etching, Ni/Ge/Au/Ti/
through C, which consisted of, starting from the Au ohmic contact deposition and alloying at
InP: Fe substrate interface, a 4000 A InAlAs 360 ° C, electrically controlled gate recess etching,
buffer layer, a 500 A InGaAs channel layer, a 70 TiAu gate overlay metal deposition.
A (sample A) or 50 A (samples B and C) InAlAs All access pads were designed for on-wafer
channel spacer layer, a Si doping plane containing probing with 50 2 tapered waveguides. This tech-
6.0 X 1012 cm-2 (samples A and C) or 5.2 x 1012 nique allows accurate C(V) measurements and
cm - 2 (sample B) donors, a 200 A InAlAs un- microwave measurements up to 18 GHz on
doped top layer and a 50 A n+-InGaAs cap layer TEGFETs.
(fully depleted). Samples A and C were grown at a
constant temperature of 530 C while the temper-
ature of sample B was lowered to 500°C prior to 3. Electrical characterization at low field
growing the InGaAs channel layer and kept con-
stant for the remaining layers. The electron sheet densities (n) measured by

Fig. 2 (right) shows the structure of sample D, Hall effect are nearly constant for temperatures
which consisted of, starting from the InP: Fe sub- between 13 and 77 K with a small increase of less
strate interface, a 4000 A InALAs buffer layer, a than 5% toward 300 K. The n. values at 300 K for

samples A, B and C are 2.6 X 1012 2.8 X 102 and
+ Ino 3GaO VAs _ _ 50A 5oA 2.9 x 1012 cm - 2 , respectively. It follows that in-

InosAo aAs APD 200A APD2\ 20oA creasing the InAlAs channel spacer layer from 50
50,70A 70A to 70 A reduces n, by about 10%. The slight

I0 s3Gao ,7As 5ooA _200A difference of n, between samples B and C is dueIr', s. ao T~s 0OA70A

APD, MA to a small doping variation. Sample D, having an
no so 4I 4ocoA [no 5 "~AsI 4oA. additional Si doping plane underneath the chan-
(grown on InP:Fe) (grown on InP:Fe) nel, exhibits the highest n, of 6.2 X 1012 cm- 2 at
Sempa A through C Semple 0 300 K.

Fig. 2. Layer design of single planar doped samples A through A relatively weak ( < 5 % change in n) per-
C (left) and double planar doped sample D (right). sistent photoconductivity (PPC) effect was ob-



472 F Gueissaz et at. / High electron density and mobility in SPD and DPD InGaAs/ InAlAs on InP

served on all four samples at 13 K. After illumina- 8

tion at 13 K, the typical decay time constants are T=300Kf= 1MHz

of the order of an hour. The n. value itself and A=l1 cm2
the An, observed in PPC do not seem to be - 6

affected by the growth temperature between 485

and 535'C. QD
Fig. 3 shows the electron mobilities in the In- 4

GaAs channel as a function of the temperature for 5
samples A through D. The highest mobilities are -
obtained from sample A which has the widest o 2
InAlAs channel spacer layer of 70 , the room
temperature mobility is 11300 cm 2/V - s and
rapidly saturates below 77 K to attain 51000 0
cm 2/V - s at 13 K. The mobilities above 77 K are - 3 - 2 - 1 0 1

primarily limited by optical phonon scattering GATE POTENTIAL (V)

whereas the saturation characteristics toward lower Fig. 4. Capacitance versus bias of a single planar doped sample

temperatures is clearly due to alloy disorder (A) and a double planar doped sample (D).
scattering which is about maximum for lattice
matched lnGaAs. These mobilities are among the
highest reported; higher values can be obtained
either at lower electron sheet densities of by grow- room temperature mobility of sample D is de-
ing strained InGaAs channels [2,3]. Reducing the creased to 6000 cm2/V • s and reaches 11200
channel spacer from 70 to 50 A in sample C cm2/V • s at 13 K. These figures are fairly good if
strongly affects the mobility characteristics, the one considers the extremely high ns, involving
room temperature value dropping to 8400 cm 2/V •  electron filling of more than two energy subbands,
s and reaching 21000 cm2/V - s at 13 K. Sample B and the thin InGaAs channel confining the bidi-
has the same structure as sample C but exhibits mensional electron gas near the inverted heteroin-
mobilities almost as high as sample A. indicating terface.
that the crystalline quality of the InGaAs channel The comparison of PPC effects on the mobility
is improved at the lower growth temperature. The shows that the AttH is positive and smaller than

4% for all samples excepting sample B (- 1.8%)
having the planar doped InAlAs layer grown at

105_ 500°C. Higher growth temperatures for the In-
0AlAs are thus necessary to insure good interfaces

> Fand efficient Si atom incorporation.
E Fig. 4 shows capacitance measurements at 300

K and 1 MHz as a function of the potentialI" Aapplied on a Schottky diode processed on sample
10 BC A (SPD) and sample D (DPD). Samples A and D

c are compared since they have the same structure
z D from the top heterointerface to the cap layer. Both

curves integrated from the threshold voltage to 0
V yield n. values close to the results obtained by
Hall effect. The average 2DEG capacitance is

10 100 1000 about 3.8 X 10-7 F/cm2 which yields an average
TEMPERATURE (K) distance of about 290 A between the 2DEG and

Fig. 3. Electron mobilities of samples A through D as a the Schottky barrier, in good agreement with the
function of the temperature from 13 to 300 K. expected values. The broad plateau on the char-
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acteristics of sample D accounts for the very high agreement. The extrapolated current gain and
n, which can be modulated while maintaining an maximum power gain cutoff frequencies were as
excellent confinement in the lnGaAs channel. high as 46 and 82 GHz.

Computer simulations of the n, versus bias The DC TEGFETs characteristics are in-
dependence for samples A and D using a self-con- fluenced both by the intrinsic material parameters
sistent resolution of the Schri~dinger effective mass and by the processing technology (gate recess and
equation coupled with the Poisson equation [4] at Schottky barrier). An effort was made to keep the
different potentials at the Schottky interface technological parameters constant so as to obtain
agreed very well (within 10%) with the experimen- identical threshold voltages for all TEGFETs. The
tal values of n,. Further, these show that two peak transconductances occur at typically 140
energy subbands are normally filled in the SPD mA/mm drain current for both samples B and C,
structure, whereas three are filled in the DPD as expected since both structures are identical.
structure. The electron mobilities in sample D However, the peak transconductance of sample A,
could be reduced by the increased intersubband with a 70 A channel spacer, occurs at 220 mA/mm
scattering effects, and alloy disorder scattering drain current, indicating that more carriers can be
effects, which are also dependent on the n, [5]. modulated with an equally high transconductance

compared to sample B, with a 50 A channel spacer.
This indicates that parallel conduction (resulting

4. Electrical characterization of TEGFETs in a decrease of modulation efficiency degrading
the transconductance [6.71) in the top InAlAs

DC measurements on I /m gatelength TEG- layers of sample A is not significant up to higher
bidimensional electron densities. Samples B and CFETs yielded saturation mode (V,,s= 1-2 V)

transconductances as high as 420, 410 and 360 should intrinsically attain their maximum trans-

mS/mm for samples A. B and C respectively, conductance values at drain currents of at least

Fig. 5 shows the typical transfer characteristics 220 mA/mm because of the reduced spacer thick-
of I tam gatelength TEGFETs processed out of ness used. The lower values encountered here are

sample A. TEGFETs with 0.7 x 100 )A M2 gate- attributed to an improper adjustment of the gate
length times width have been measured at micro- recess and hence of the threshold voltage. Finally.

wave frequencies from to I to 18 GHz. A 13-ele- we observe that the reduced electron mobility of

ment equivalent electrical model was used to fit sample C will mainly increase the access resis-

the measured scattering parameters with excellent tances to the channel and degrade the transcon-
ductance characteristics.

Sample D showed a very broad peak of trans-
conductance as expected from the capacitance

-versus potential measurements. However, we were
E 400- 400 E confronted with the low breakdown voltage of the
U, E
E < Schottky gates on AllnAs (typically 2.5-3.5 V).

0300 00 The threshold voltage of TEGFETs processed on
sample D is about -2.7 V and unacceptable gate

200 2W M to drain potentials are required to achieve pinch-
Z off of the channel in the saturation mode. More-zz

0 over, the drain current characteristics of- theW 100 1oo I,1z TEGFETs did not saturate properly, while the

transfer characteristics showed a steady increase
-1.5 1.0 -0.5 0. of the peak transconductance as the drain poten-

GATE TO SOURCE POTENTIAL (V) tial was raised (up to breakdown). It is clear.
Fig. 5. Transfer characteristics of a 1 pm gatelength TEGFET. therefore, that a further optimization of the dou-
at V1, = I V. processed on a single planar doped sample (A). ble planar doped heterostructure is necessary to



474 F. Gueissaz et al. / High electron density and mobility in SPD and DPD InGaAs/ InAAs on InP

fully exploit the high n. values achievable with our heterojunctions. We thank Mrs. S.P. Liu for
this design. her constant help in preparing the samples. This

work was supported by Thomson-CSF (France).

5. Conclusions

Growth parameters such as substrate tempera-
ture and design parameters such as spacer thick- References
ness have a determining influence on the electrical
properties of TEGFETs. These have to be simulta- [1] M.A.G. Halliwell and M.H. Lyons, J. Crystal Growth 68

neously optimized in order to yield high perfor- (1984) 523.

mance two-dimensional electron gas heterostruc- [21 W. Walukiewicz. H.E. Ruda, J. Lagowski and H.C. Gaos.

lures. Phys. Rev. B30 (1984) 4571.

The single planar doped TEGFETs realized [31 C.K. Peng S. Shinha and H. Morko., J. Appl. Phys. 62

exhibit current gain cutoff frequencies and power (1987) 2880.
[4) B. Vinter, Appl. Phys. Letters 44 (1984) 307.

gain characteristics which are among the best re- [51 G. Bastard, Wave Mechanics Applied to Semiconductor

ported for 0.7 pm gatelength devices. Heterostructures (Editions de Physique, Les Ulis, 1988).
[61 K. Lee, M.S. Shur. T.J. Drummond and H. Morko. IEEE

Trans. Electron Devices ED-31 (1984) 29.

Acknowledgements 171 M.C. Foisy. P.J. Tasker, B. Hughes and L.F. Eastman.
IEEE Trans. Electron Devices ED-35 (1988) 871.

Dr. J. Favre of Thomson-CSF (France) is
gratefully aknowledged for his work on simulating



Journal of Crystal Growth lit (1991) 475-478 475
North-Holland

High quality GalnAs/AlGalnAs/AllnAs heterostructures on Si ion
implanted semi-insulating InP substrates for novel high performance
optical modulators

T.Y. Chang. N.J. Sauer, J.E. Zucker, K.L. Jones, B. Tell, K. Brown-Goebeler, M. Wegener *

and D.S. Chemla
4 T& T Bell Laraiories. Cramfordv Corner Road, Holmdel, New Jersey 07733-1988. USA

The wide r, ge of conduction-band discontinuity available in the GalnAs/AlGalnAs/AllnAs material svstem has enabled us to
demonstrate high sensitivity, high speed optical modulators and switches based on the band filling effect in the novel blockaded
reservoir and quantum well electron transfer structure (BRAQWETS), As phase modulators, these devices also offer linear response
and very low attendant absorption modulation. High quality samples have been obtained on Si ' implanted lnP: Fe substrates which
will permit predefinition of conduction patterns for optoelectronic integration. Experimental results and design principles are
presented.

I. Introduction wavelengths above the absorption edge and to
strong electrorefraction below the absorption edge.

The ability of MBE to grow complex, high Experimental results indicate that for a given ab-
quality GalnAs/AlGalnAs/AlInAs heterostruc- sorption loss the maximum achievable phase shift
tures on InP offers opportunities to create novel in a waveguide is one order of magnitude gr-ater
handgap engineered optoelectronic devices for the than what is possible in a quantum confined Stark
important spectral range of 1.3 to 1.6 pm. This effect (QCSE) modulator containing similar quan-
material combination has several attributes that turn wells. Consequently. we are able to achieve
are of fundamental importance to optoelectronic 1800 phase shift in a compact waveguide struc-
devices; namely, large conduction-band discon- ture with low absorption loss and very low atten-
tinuities (typically 0.5 eV). high room-temperature dant absorption modulation. Furthermore, the
mobilities (greater than 10,000 cm 2/V • s), and an electric field dependence of An in BRAOWETS
optically transparent substrate. A novel blockaded devices is linear rather than quadratic. In contrast
reservoir and quantum well electron transfer to carrier injection type devices, the absence of
structure (BRAQWETS) made possible by this holes in BRAQWETS makes it low in power con-
versatile materials technology is described in this sumption and high in response speed. These prop-
paper. BRAQWETS makes it possible for the first erties can be used to advantage in intersecting
time to synchronously controt the charge density waveguide optical switches. These device struc-
in multiple quantum wells. The related band fill- tures have been grown with high quality on Si ion
ing effect gives rise to strong electroabsorption at implanted semi-insulating lnP. This technique

would allow the fabrication of optoelectronic in-
tegrated circuits on substrates with predefined
conduction patterns. Finally, we consider the speed

• Current address: Fachhereich Phystk. Universitt t)ort- and sensitivity of BRAQWETS devices and their
mund. W-4600 Dortmund. Germany optimization.

0022-0248/91/S3.50 ' 1991 - Elsevier Science Publishers B.V. (North-Holland)
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2. Device structure and experimental results ding layer. The top surface of each device is
further capped with 30 nm of n" quaternary

The energy-band diagrams under (a) equi- layer to facilitate ohmic contact. The absence of
librium, and (b) strong forward bias for two peri- free holes in the device helps minimize the optical
ods of prototype BRAQWETS are shown in fig. 1. waveguide loss.
Each period comprises an electron reservoir (R, + Under forward bias (fig. 1b), the external volt-
Rh ) of lattice matched AlGalnAs (1.00 to 1.06 eV age is divided exactly equally among all periods
band gap) doped with Si to 1 to 3 x 10t' cm- 3  and the transfer of electrons from reservoirs to
with a total thickness of 28 to 50 nm, a 10 to 26 quantum wells takes place synchronously. The
nm undoped spacer layer (S) of the same leakage current is identical from period to period
quaternary material, an undoped 7 to 9 nm quan- and remains small (less than 2.5 MA for a 100 X 200
tum well (W) of Ga0.47In0 53As, and a 32 to 72 nm fm

2 mesa for bias voltages between -2 and + 4
blocking barrier (B) of AIo.481n,.,2 As. The block- V) owing to the high blocking barrier.
ing barrier is undoped except for a 15 nm region The MBE growth was carried out at a substrate
near the center where it is doped with Be to 1.24 temperature of - 500'C. The lattice mismatches
to 2.5 X 101, cm -3 . The two ends of this building for AlInAs, AlGalnAs, and GalnAs were kept
block are securely anchored in the Fermi level well within 2 x 10- 3 by using five precalibratei
owing to the n ' doping. The identical and well group IlI effusion cells including one for In, two
defined boundary conditions on each end permit for Ga, and two for Al. Mesa diodes (some with
repeated stacking of the basic period. The de- an 80 am diameter optical window) .i ! rib wave-
pleted p doping in the blocking barrier induces guides were subsequently fabricated by standard
partial depletion of the reservoir and appropriate photolithography and lift off techniques. Since the
band bending in the spacer and the quantum well. refractive index of lnP is lower than those of all
Each waveguide sample contains five to eight peri- the epitaxial layers used, we find it necessary to
ods of BRAQWETS. terminating at both ends in a limit the thickness of the bottom cladding layer to
60 nm reservoir followed by an n'-doped super- -0.25 ym to avoid multimoding in the wave-
lattice grading layer, and an n' AlInAs: Si clad- guide. To facilitate processing of the bottom ohmic

contact when a semi-insulating substrate is used in
the interest of minimizing parasitic capacitance
and/or future optoelectronics integration, we in-
troduce an - 0.' t~m conducting surface layer to

EF the pre-etched substrate by Si ion implantation.
The implant is activated at 775'C for 15 s and

(a) then a -0.2 MLm laye is removed by chemical
etching before the substrate is loaded into the

RsSW 8 Rb MBE system. We have been able to obtain devices
on this type of substrates with quality equivalent
to those grown on InP: S. This technique will
allow us to predefine conduction patterns on
semi-insulating substrates for optoelectronic in-
tegration.

Rt Rb A differential absorption spectrum (DAS) for a(C) R five-period samples measured at normal incidence

R, c' Cb is shown in fig. 2 as a dashed curve. It gives the
RrC bchangof bopincefcetJ lasge

Fig. I. Energy-hand diagrams for two penods of RRAQWETS: th of absorption coefficient Aa (all assigned

(a) at equilibrium and (h) under large forward bias (R, + R:quantum wells) for a bias-voltage swing of
elctron reservoir. S: spacer: W: quantum well; B: blocking 2-6 V. The steepness of the low energy edge

harr":;) (c) Small signal equivalent circuit, attests to the synchronousness of band filling in

LML
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WAVELENGTH (nm) 9.3 X 104 V/cm) calculated from Aa by Kra-
1650 1600 1550 1500 mers-Kronig transform is shown as the solid curve

in fig. 2. The calculated value of JAn I at 0.775 eV
- ~ (0.031 eV below the heavy hole exciton at 2 V

2-6V -4000 bias) is 0.04 (in quantum wells onlyl. This is 4.3

+-05 3times larger than An available from QCSE for
0-2 similar quantum wells and the same electric field- 1000 AOLt

An 0 -- 0 (em1) [3]. Direct measurements of An were also carried
out by inserting the sample in a high contrast
tunable Mach-Zehnder interferometer. The mea-
sured values are plotted in fig. 2..05 The dependence of An on the bias voltage was
found to be linear over a wide voltage range once

.7 5 the quantum wells started to fill. Below this
.75 O .8 .85 threshold, An was negligibly small. The values of
PHOTON ENERGY (ev) the threshold voltage was adjustable by varying

Fig. 2. Measured 1a for 2-6 V modulation of the bias (dashed

curve) and the corresponding -An calculated from Kramers- the spacer layer thickness and/or the p-type dop-

Kronig transformation (solid curse). The asterisks are inter- ing in the blocking barrier [1.21.
ferometricallv measured data points. Monolithic Mach-Zehnder interferometers with

5 pm wide rib waveguides have been fabricated.

all five quantum wells. Further details on DAS The active regions are electrically isolated by ion

have been given elsewhere [1.21. bombardment. Shown in fig. 4 are the depen-

In the waveguide configuration, we obtain a 22 dences of the transmitted intensitv at 1.58 m hasa

dB change of transmitted intensity at 1.539 pm for function of bias voltage applied to one arm of the
a bias voltage swing from -2 to 7 V for a 1.04650
abias olag e fawicatd from 2ato7V for-pe1i0d - pm. For the latter, the voltage swing reqvu, :d to
mm long device fabricated from a five-period pro- produce 180' phase shift is 5.4 V. Recent studies
totvpe BRAQWETS. The experimental data are show that, by using a more optimized layer struc-
shown in fig. 3. The propagation loss in the "on" ture and by increasing the number of BRAQ-state is 3 dB, tueadb nraig h ubro RQ

stte in d c g o, WETS period from five to eight. the voltage-lengthThe induced change of refractive index ,An for

2 6 V voltage excursion (corresponding to A E

200 _____

O150 X = 1.539 am 22 1- - " k/

0 +I- I
- 21

cc.L. 100 
20 ZLi. 00LZ

0 2

1 ' 5W" 0O .5 O N

-5 0 5 10 I -10 -5 0 5 10

BIAS VOLTAGE (V) BIAS VOLTAGE (V)

Fig. 3. Transmitted intensitv as a function of bias voltage for a Fig. 4. Output intensit of Mach-Zehnder rib waveguide inter-

S(4 mm long waveguide with 3dB propagation loss in the ferometer as a function of applied voltage at 1.58 jAm wave-

"on" state, length for two different active lengths. 650 and 350 MLm.
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product for 1800 phase shift can be an order of intrinsic speed would be significantly slower if the
magnitude smaller than what has been achieved electrons were required to transfer laterally over a
previously by using bulk semiconductor layers. much larger distance to and from a source contact
Preliminary results also show BRAQWETS to be located outside the waveguide.
effective for fabricating intersecting waveguide The actual speed of a BRAQWETS device is
optical switches. Owing to the absence of holes, given approximately by [(Rd/N) + R 1Cb, where
BRAQWETS based switches are expected to be Rd is the source resistance of the drive circuit and
vastly faster and require much less power than N is the number of BRAQWETS period [2]. If
current-injection switches. Ro/N = 10 2, then the response time is - 10- 0 s

for a 1 mm long waveguide.
Increasing doping concentrations allows one to

3. Discussion reduce the doping layer thicknesses and hence
increases the optical confinement factor. Reducing

At moderate detuning (25 to 35 meV) below the the blocking barrier thickness also improves the
heavy hole exciton, phase modulation by QCSE is confinement factor and furthermore enhances the
seriously encumbered by the induced absorption voltage sensitivity. However, since Ch is increased
due to the red shifting absorption edge. In con- as a result of this, the improvement may come
trast, the absence of induced absorption below the about at the expense of the response speed unless
band gap (since the absorption edge blue shifts) N is increased at the same time. To achieve the
makes BRAQWETS much superior for phase highest possible speed, it would be necessary to
modulators. The values of two important figures have integrated source or emitter followers on the
of merit, namely, An/Ak (where Ak = A,,a/41r) same chip to reduce Rd.
and A0, = 27rrAn/X,)am,, (the phase shift induced
in one adsorption length), are both higher by an
order of magnitude in BRAQWETS than in QCSE 4. Conclusions
for the same amount of detuning below the band
edge [2-4]. The difference is particularly striking High performance optical modulators and
at high fields (- 10 5 V/cm). switches based on the band filling effect in

A small signal equivalent circuit, when the BRAQWETS have been demonstrated. As phase
quantum wells are at least partly filled, is shown modulators, this novel device concept offers not
in fig. Ic. The resistance of the reservoir. R r, is only high sensitivity and high speed but also linear
very small, typically < 10 ' 2 cm 2. The transfer response and very low attendant absorption loss
capacitance. C,, is determined by the thickness of and absorption modulation.
the transfer barrier (thickness of the space layer
plus that of the right depletion layer of the re-
servoir), while the transfer resistance, R1, by its References
height. The blocking capacitance. Ch, and thehegh.heblcking capacitance . C, and simia e te ne [11 M. Wegener. J.E. Zucker, T.Y. Chang. N.J. Sauer. K.L.blocking resistance. R,. are similarly determined Jones and D.S. Chemla. Phvs. Rev. B41 (1990) 3097.

by the combination of the blocking barrier and 121 T.Y. Chang, M. Wegener. J.E. Zucker. N.J. Sauer. K.L.
the left depletion layer of the reservoir. The intrin- Jones and D.S. Chemla. in: IEEE Intern. Electron Devices

sic speed of the device is limited by RC, which is Meeting. Washington, DC. 1989. Tech. Digest. p. 737.

- 10 " s for present designs. This can be reduced [31 J.E. Zucker. I. Bar-Joseph, G. Sucha, U. Koren, B.I. Miller
and D.S. Chemla, Electron. Letters 24 (1988) 458.

by reducing the quaternary band gap. It can be 141 J.E. Zucker, T.Y. Chang, M. Wegener. N.J. Sauer, K.L.
even more effectively reduced by stepwise or con- Jones and D.S. Chemla, IEEE Photonics Technol. Letters 2

tinuous grading of the spacer-layer band gap. The (1990) 29.
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Orientation dependence of mismatched InA1_ As/In0.53Ga 0.47As

HFETs

Sandeep R. Bahl, Walid J. Azzam and Jes'is A. del Alamo
Massachusetts Institute of Technohgv Cambridge. Massachusetts 02139. LISA

A device perspective is applied to the issue of critical layer thickness and the impact of strain relaxation on electrical
characteristics. We have fabricated ln,AIl ,A.s/n '-In 4 5 Ga047As HFETs with InAs mole fractions in the 300 A thick In,All ,As

insulator of x" = 0.52 (lattice-matching). 0,48. 0.40, and 0.30. The x = 0.40 and 0.30 samples, with thicknesses greater than the critical
limit, show unidirectional surface ridges that reveal misfit dislocations at the In,A1 ,As/ln,SGa30 47As hetero-interface. Disloca-

tions are found to severely degrade the performance of devices when the current in the device flows perpendicular to them. Excellent

HFETs were obtained with current flow parallel to the surface ridges for x = 0.40. in spite of the unequivocal evidence of dislocations

in the devices.

I. Introduction effect of mismatch on device performance. Our
main result is the finding of strong orientation

The critical layer thickness of a strained semi- dependence in device characteristics beyond the
conductor layer is ultimately determined by its Matthews-Blakeslee critical layer thickness (31.
application. For devices, performance is the ulti-
mate goal. In many III-V semiconductor devices.
the use of intentionally mismatched layers has the 2. Experimental
potential of significantly improving device char-
acteristics. The appearance of misfit dislocations. A cross section of the device structure is shown
however, is expected to degrade device perfor- in fig. I. Four wafers were grown by MBE in
mance, but to determine how much and in what MIT's Riber 2300 system with InAs mole frac-
manner, there is no substitute to studying the tions in the InAl ,As gate insulator layer of
devices fabricated using these mismatched layers.

In an effort to increase the conduction band
discontinuity in the In, ., Al 0 .4gAs/ In 03Ga 47As AuGeNi Tr/Au GATE Tp/Au PAD

system (lattice-matched to InP). we have strained OHMIC CONTACr
the InA I -As layer to negative mismatch by
reducing its InAs fraction, This results in many
benefits to the device characteristics of In,Al, 50 InGAs

As/n *-In, ,Ga,. 7 As HFETs 11.2]. In our struc- 300S 1nA, As A052,048,040030

ture the In,Al ,As is undoped, as contrasted ;00 n*-InGoas 4 10"icm 3

with the more familiar modulation-doped FET 1004 InG 4

(MODFET). The absence of dopants in the insu- 1ooo InAlAs

lator prevents some common problems that plague
the MODFET 11.2]: transconductance and SI InP
cutoff-frequency collapse at high gate-source bias
from parasitic channel formation, and a reduced Fig. I. Schematic cross section of the fabricated In,A 1  ,As/

gate-breakdown voltage. Here we focus on the n'-In,4 Ga047As HFETs.

0022-0248/91/$03.50 , 1991 - Elsevier Science Publishers B.V. (North-Holland)
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0.52 (lattice-matching), 0.48, 0.40 and 0.30. The 250 L 1 1

starting material was SI (100) InP. The device L 1S

structure consists (from bottom to top) of a 1000
A undoped In1 ,AI 0 4,As buffer layer, a 100 A E 200-

undoped Ino0 51Gao, 7As subchannel. a 100 A
heavily Si doped (ND= 4 x 10"s cm - 3) In1.5 150-

gate insulator layer, and an undoped 50 A lno I
Ga 0 4 7As cap. The subchannel serves as a smooth- 4, -5: 4*[oo

ing layer to prevent the growth of the active 9o°o,!!
channel directly on the poor ln,,.,Al 0 4 As/lno3 . 50k
Ga0 47As reverse interface 141. The four wafers 4rTTCE

were grown subsequently and device processing
was carried out simultaneously. Device processing 03 04 05

is described in ref. [2]. T nAs Mole Fraction
HFETs were fabricated with gate-widths of 30 Fig. 3. A plot of the peak transconductance versus x for the

tom and gate-lengths. L'. of 1, 1.5, 2, 3, 5, and 10 0*. 45*
, and 90' devices with L. = 1.5 ,um at V,, = 4 V.

/Im with current flow along the [011] (defined here
as 00 with respect to the fiat), 10011 (450). and model (FGTLM) technique [5]. Each point repre-
[0111 (90 ° ) directions. sents an average over five FGTLMs. For wkafers

with InAs mole fractions, .x. of 0.52. 0.48. and
0.40. Rh remains constant at approximately 850

3. Results /[ independent of orientation. However. upon
decreasing x from 0.40 to 0.30. the channel sheet

Fig. 2 shows the channel sheet resistance, R , resistance increases for all three orientations.
on each of the four wafers as a function of orien- showing a very pronounced orientation_ depen-
tation. R,h was measured using the actual HFETs dence with Rh 1011] > R,, [0011 > R,, [0111.
b, the all-electrical floating gate transmission-line Fig. 3 shows the average peak transconduc-

tance, g,,. over ten devices versus x for the three
orientations. These values are for devices with

500O --- nominal gate-lengths of 1.5 ptm. measured at Vd, =

.o[Oit 4 V. The x = 0.52 and 0.48 devices do not show
45'[oo11 any orientation dependence. The x = 0.40 devices
90[ol1ht

0 4000[ have a high source resistance and are anomaloush
C_4 low in g,,,. A pronounced orientation dependence

300- 1is seen for devices with both x = 0.40 and 0.30.
300't with the 0' device being the best and the 900

r ', device the most degraded. This result applies re-
2000 1 gardless of l,1 from I to 10 pum. An additional

significant result is that g,,(0 °, x = 0.40) is 189
mS/mm. which is very close to the average g,,,
209 mS/mm of the x = 0.52 sample.

" LAmTTICE

MATCHING

03 04 05
InAs Mole Fraction 4. Discussion

Fig. 2. Channel resistance versus InAs mole fractuin. , in the
In,Al, As insulator layer, for current flow along the 0 °,  The x = 0.40 and 0.30 devices were grown with

450 . and 90 direction with respect to the flat. thicknesses greater than the Matthews-Blakeslee
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critical layer limit [3]. This suggests that, in these pearance of a unidirectional array of surface ridges,
devices, misfit dislocations may be responsible for faint and short, in fig. 4c, and brighter and longer
the decrease in g. and the appearance of orienta- in fig. 4d, running along the [0111 direction. This
tion dependence. Since the presence of misfit dis- is the direction of current flow in the better (0 0 )
locations has been correlated to the appearance of dcvices. We could not distinguish any ridges along
a cross-hatched surface [81, we have taken dark the [011] direction, neither in the Nomarski, nor in
field microscope images of the surface of the four the dark-field mode of the microscope. The ridges
wafers (fig. 4). Figs. 4a and 4b are the surfaces of could not be imaged at higher magnification, so a
the x = 0.52 and x = 0.48 wafers, respectively, density count was impossible. Brighter and longer
There are no ridges or cross-hatches on the surface. streaks would result from greater surface relief.
Figs. 4c and 4d are the surfaces of the x = 0.40 indicating a greater dislocation density, with a
and x = 0.30 wafers, respectively. We see the ap- greater bunch of dislocations associated with each

(a) - (b)
[011]

100 um

[0111

(C) (d)

Fig. 4. Dark-field optical microscope photographs of the surface of the HFET layer structure for (a) x = 0.52, showing a plain
surface. (b) x - 0.48 showing a plain surface, (c) x - 0.40, showing the appearance of short faint surface ridges along the 101I

direction, and (d) x - 0.30. showing a dense unidirectional array of ridges in the 10I11 direction.
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surface streak [9). The unidirectional hatch ob- " -

served is consistent with that reported [6] for thin " -
strained samples. [01 -. -

In III-V semiconductors, orthogonal 60 dislo-
cations in the zinc-blende lattice occur on differ- --- -

ent sublattices and show an asymmetry relative to 011]
each other [9]. The so-called a dislocations have Fig. 5. A schematic cross-section of the channel region of the

an extra half plane ending on a row of group III HFET under tension, showing the effect of the depletion

atoms, and the #8 dislocations have an extra half regions of misfit dislocations on current flowing parallel and

plane ending on a row of group V atoms 1101. For perpendicular to them.

strained (100) lnGaAs/GaAs. it has been shown
that the first dislocations to form are 60° a dislo-
cations along the [011] direction [6,7]. For our
samples, in contrast, the dislocations run unidirec-
tionally along the [011] direction, perpendicular to for our 90' device. current flow along [011] is
the preferred dislocation direction we have seen normal to it. If the dislocation density is low. as in
reported in the literature. However, these reports the x = 0.40 sample, a dislocation would be asso-
[6.7.11] have been done for epilayers under com- ciated with a small depletion region in the chan-
pression. i.e. the relaxed lattice constant for the nel. If this depletion depth is smaller than the
epilayer is larger than that of the substrate. It has equilibrium depletion associated with Fermi-level
also been suggested that the 60' a and .8 disloca- pinning at the wafer surface or underneath the
tions should interchange directions when the epi- gate, then R~h should not be affected by the
layer is grown in tension [12], which is consistent presence of the dislocations. However, the pinning
with our results, assuming that the a dislocations at the dislocation would prevent the gate voltage
still nucleate preferentially. We believe we are the from modulating the portion of the channel un-
first to report observations of this behavior. derneath it. This should result in the degradation

Our 00 devices, which have current flowing of g more severe for current flow perpendicular
along the dislocations, are better than our 900 to the dislocations, because of their constricting
devices, which have current flowing perpendicular effect, than for flow parallel to them. For a higher
to them. The 45' devices fall in between. Our misfit (such as in the x = 0.30 sample). the surface
results are in agreement with the findings of Sun relief becomes more pronounced, indicating a
et al. [11]. who report that for mismatched greater bunching of the dislocations [9], and pro-
lnGa , As/GaAs. with surface ridges prefer- ducing depletion regions that exceed the depth of
catially along the [011] direction, the low-field the one associated with the wafer surface. This
mobility is degraded along the [0il] direction, i.e. should result in an asymmetry in both Rsh and
normal to the lines of preferred (a) dislocations. gm"
Esquivel et al. [10] also show a decrease in mobil- In 0 A.4A0AoAs/n+-In 0 .53 Ga0 47 As devices with
ity for current flow perpendicular to the a disloca- Lg = 1.5 jm and current flow along the [011]
tions. direction show excellent characteristics in spite of

Woodall et al. [13] have proposed that misfit the presence of misfit dislocations: a reverse
dislocations pin the Fermi-level, depleting a cylin- breakdown voltage of 23 V, a maximum drain
drical region around them. Fig. 5 shows a sche- current of 308 mA/mm, a peak transconductance
matical cross-section of the dislocation depletion of 189 mS/mm and reduced real-space transfer of
regions in a semiconductor slab with misfit dislo- hot electrons from the channel to the gate [2]. Our
cations running along the [O11] direction. Based result shows that although dislocations degrade
on this figure. we can hypothesize an explanation device performance, excellent devices may be ob-
for our observations: For our 00 devices, current tained by orienting the current parallel to them, if
flows along the dislocation direction [011], while they are sufficiently sparse.
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MBE growth of graded index AlGalnAs MQW lasers on InP

M. Allovon. M. Quillec. M. Blez and C. Kazmierski
Centre National d'Etudes des l tcommunrcations. Laboratoire de Bagneur. 196 Avenue Henri Ratva, F-92220 Bagneux., France

AlGalnAs SCH MQW lasers with continuously graded handgap active region have been grown by MBE lattice matched to InP.
The design of the structure and the MBE growth technique used to grow graded quaternary layers are reported in details. Improved
laser results are reported both for broad area devices and for buried ridge stripe prcessed lasers. A threshold current densitv as low
as 821) A/cm

2 is obtained for a 1180 um long device. A record cw threshold current of 17 mA is reported for a AlGalnAs laser, with
a resonance frequency, of 6.7 GHz.

1. Introduction quaternary composition often expressed in per-
cent.

During the last years. the GalnAs/AllnAs
material system has attracted considerable inter-
est. especially in MBE because of the ease of 2. Design of AlGalnAs MQW laser structure
growth of these "arsenide only" ternaries and
quaternary. Many impressive results have been The MQW graded index separate confinement
obtained in the microelectronic or electro-optic heterostructure (GRINSCH) used in this work is
fields, but good results have been reported only detailed in fig. 1. Compared to previous work on
recently in the laser field [1-31, probably because MQW lasers in this material system [4-6]. we have
of the relatively poor optical quality o: AllnAs avoided to use a thick AllnAs bottom layer be-
compared to lnP.

We show here how the modification of the
standard SCH structure by avoiding the use of 0.1 w GalnAs (p-)

AlInAs near the active region of the lasers has 1.8 Jim
allowed us to obtain state-of-the-art threshold cur- AlInAs (p) 0.1 pm Ouat. 80% (p)
rent densities with "phosphorus-free" MBE multi
quantum well structures, using graded quaternary 0.1 pm graded Quaternary
layers in the optical guide. Then we explain how -MOW 6 x 9 nm GalnAs
we have successfully grown well lattice matched mow: 5 x 5 nm Quat. 50%

linearly graded AlGalnAs layers, in spite of the .1ur graded Quaternary

indirect flux control inherent to solid source MBE. : / / -1 .1 m Quatern)
Finally we present recent results on buried ridge utrat 0.1 pm Oust. 80% In)
stripe (BRS) lasers made from these structures in a // 0
two-steps process, including low cw threshold cur-
rents and preliminary dynamic measurements of
these promising MQW lasers. Fig. 1. Detailed MQW GRINSCH laser structure. The n- and

In the following, AIGalnAs quaternary layers p-layers are doped about 5 < 10 17 cm -. The n +-lnP substrateand p'-GalnAs contact layer are doped about 2x 10" cm 3

lattice matched to InP will be written as follows: Other layers (active region) are undoped (n-type residual dop-

(Ga0 47 1noslAs),-,(AI0 4 ln,). 2As),. where z is the ing level about 2x 10"tcm ).

0022-0248/91/$03.50 z 1991 - Elsevier Science Publishers B.V. (North-Holland)
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cause it is likely to introduce a rough interface [7]. The two ternaries GaInAs and Alln 2 As can
between the n-type cladding layer and the first be separately tuned for lattice matching with the
quaternary guiding layer. And the presence of a substrate. The quaternary alloy GaAl(In, + In 2 )As
"bad" interface at this position in the structure is then also lattice matched, its composition being
should decrease the luminescence efficiency of the a function of the growth rates of the two ternaries:
laser because the dwelling time of the carriers in
the guiding layers is long enough to give rise to rQ = + A' z = rA/rQ.
significant losses if the non-radiative lifetimes in where r,, rA and rQ are the growth rates of
these layers are too short, or if the recombination GaInAs, AlIn 2 As and GaAllnAs respectively,
rates at the interfaces are too high. and z is the composition of the quaternary written

For these reasons we have decided to use the as (GalntAs) 1.(Alln 2 As)z.
InP substrate as n-type optical cladding layer, and It is obvious from the preceding equations that
we have grown only a thin 80% quaternary buffer one simple way to grow linearly graded quaternary
layer of 0.1 g±m below the first guiding layer, in layers versus layer thickness is to ramp linearly rA

order to confine further the carriers in the active and r0 versus time in opposite sense, keeping r.
region and to prevent them to be lost at the constant.
substrate interface which is always highly recom- At this point it is important to note that this
binant. On the p-side of the structure we have kind of simple solution does not work for the
grown symmetrically a 0.1 gm 80% quaternary GalnAsP quaternary alloy, because the competi-
layer to separate the guiding layer from the AlInAs tion between As and P incorporation turns out in
optical confinement layer. Another advantage of interdependence between GaAs and InP growth
using quaternary instead of AllnAs for the buffer rates [8].
layer is to minimize the injection problems which On the other hand, in solid source MBE. linear
might result from the conduction band discontinu- ramping of growth rates is not trivial, because
ity at the InP/AllnAs interface. growth rates are proportional to cell fluxes (as-

A plain SCH structure was then difficult to suming unity sticking coefficients), but the only
realize, since it needs to shift from a 80% controllable parameters during growth are the cell
quaternary layer to another composition like 50% temperatures. And the relationships between them
for the guiding region. We have tried two different
solutions, as already reported [3]. either by using a
short period superlattice pseudo-alloy for the guid- 1Tc,,(C)
ing layers, or by gradually modifying the 106 900 800
quaternary composition between 80% and 50%.
We report here on the MBE growth of the second
type of structure ie the GRINSCH one. which
gave the best results, but which is the most dif-
ficult to realize, since it needs to control the io-
growth of lattice matched quaternary layers with

continuously graded composition. to

Ga
3. MBE growth of continuously graded layers 10__1

08 0.9
We use RIBER 2300 equipment, with a home 1O00/[Tc.(K)]

made growth automation software. The quaternary Fig. 2. Calibrated correspondence between emitted flux (BEP)

AlGalnAs material is grown by using two indium and reciprocal absolute temperature for a gallium cell. The
solid tine is fitted on initial flux measurements. The broken

sources In, and In. which makes composition line is deduced from one daily measurement and is used to

tuning very easy, as described in previous work compute actual correspondences.
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are not linear but rather exponential. In order to 750 S

overcome the difficulty we proceed as follows:
- Initial flux calibration: After opening the growth
chamber the values of beam equivalent pressure
(BEP) at different temperatures are measured for
each group III cell. These pressure measurements
taken with an ion gauge located in the substrate
position, give a good idea of the atomic flux
impinging at the substrate during growth, and can
be considered to be proportional to the growth
rate of the corresponding arsenide if the sticking
coefficient of this element is unity. These points 6s0

align on a straight line in adequate coordinates TIME (hh m s0

(fig. 2) and give an initial calibration of the cell Fig. 3. Temperature ramps for linear grading of cell flux.

fluxes. Upper solid curve is the recording of actual temperature varia-

- Daily corrections: During a run which .asts tions compared to linear ramping of temperature setpoint

several weeks, the absolute value of the flux for a (broken line). Bottom curve is the simultaneous recording of
the emitted flux, showing hnear flux variations during the

given temperature changes significantly, so that it ramps, with a flat plateau in between.

was found necessary to adjust daily this initial
calibration by measuring each morning only one
point for each cell, assuming a constant slope for
the straight line. This gives the broken line of fig.
2. which is then used to compute the actual corre- 3.0E5- Al

spondence between fluxes and temperatures. In a
similar way the linear relationship between the
cell's BEP and the growth rate of the correspond- 2.5E5'
ing binary, is calibrated using thickness and mis-
match measurements of ternary layers. In practice
this procedure allows us to grow lattice matched 2.0E5
(or purposely mismatched) ternary layers of an-v
growth rate (and thus quaternaries of any desired
composition) in a reliable way.
- Ramps with linear flux grading: Besides, this 1.

method is also usable to achieve linear ramping of
cell fluxes. Indeed, at any point of a ramp, instead
of interpolating the current setpoint between the J .OE5-
final and initial temperatures, it is easy to do the
linear interpolation between the corresponding
fluxes. computed in real time using the already 5.0E4.
calibrated correspondences. This is illustrated in
fig. 17 The recording of the actual cell's tempera-
ture (solid upper curve) departs from the broken O.O ......................
line during the ramp because the setpoints are 0.0 0.1 0.2 0.3 0.4 0.5 0.6

computed to achieve linear ramping of the flux DEPTH microns)

and not of the temperature. The result is shown on Fig. 4. SIMS profile of the aluminum content in the active

the bottom curve which is the simultaneous re- region of a GRINSCH laser, demonstrating linear grading in
composition versus layer thickness (note the unusual linear

cording of the actual flux (BEP) emitted by this scale on the left). The six quantum wells of the active region

cell. It is important to note that in order to obtain are clearly visible.
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such a good flux profile (in particular good sym- 3

metry between increasing and decreasing ramps Sample

and a flat plateau in between), it is also necessary 2.5- 256K
to set adequate values for the PID constants of the M 29-K
cell temperature regulator during the ramp. This is 23J'
also done automatically, according to the ramp's Z 1.5- 304K
slope, by our automation software. -E I

Thus the problem is solved, because two ramps
of this kind are enough to grow a ternary layer
whose growth rate varies linearly versus time, and 0 200 400 60 860 1000 1200

which is lattice matched all along because the two Cavity length (Urn)
cell fluxes remain in the same ratio. As explained Fig. 5. Variations of threshold current densities versus cavity
before, four simultaneous such ramps are needed length. for four different wafers grown in two different MBE

to grow a quaternary graded layer with linear runs. Laser st-octure is detailed in fig. 1.

composition grading versus thickness, by superim-
posing the growths of two independent ternaries A/cm 2, respectively, showing the good homogene-
whose growth rates are linearly varying in oppo- ity of these wafers. Moreover, fig. 5 shows the
site sense, in order to keep a constant growth rate good reproducibility of these results, with very
for the graded layer. similar values obtained on four wafers, even when

This technique has been successfully applied to grown in different runs and for different wave-
the growth of MQW lasers. Fig. 4 shows the lengths (ranging from 1.5 to 1.6 pm by using
aluminum SIMS profile in such a structure different well widths).
(without p-type cladding layer). Due to SIMS
memory effects (visible also on the first QW re-
cord), the ramps do not appear very symmetric, 5. BRS lasers
hut are conclusively linear (note the unusual linear
scale for the aluminum content). X-ray measure- These MBE GRINSCH structures have also
ments also don't show increased FWHM for the been processed in buried ridge stripe (BRS) lasei,
peaks corresponding to such graded layers, in order to perform cw and frequency measure-

ments. We started from the structure presented in
fig. 1. but without the upper AlInAs and GalnAs

4. Broad area lasers p-type cladding and contact layers. A 1.8 pm wide
ridge stripe was etched down to the InP substrate.

Laser structures were grown at 560'C (cali- then a second epitaxial growth of 1.5 [tm p-doped
brated using InSb melting point), under an As 4  lnP confinement layer and a 0.2 um p'-GalnAs
beam of about 2 x 10 5. The typical growth rate contact layer was performed using a horizontal
of quaternary layers was 1.5 pm/h. Broad area MOVPE reactor. Details of the process can be
laser diodes were processed from these structures, found in our recent report of the preliminary
Series of chips with cavity length L ranging from results obtained with these lasers [91.
0.2 to 1.2 mm were tested. The threshold current We have improved the homogeneity of our
densities of the four best wafers are reported as a laser results, and also some of the figures already
function of L in fig. 5. Since our first report of low published: at a wavelength of 1.485 pm. threshold
threshold MBE grown lasers 131. we have further currents as low as 15 mA have been measured
improved the threshold values: best figures are under pulsed operation, and 17 mA under cw
now: 1090, 890 and 820 A/cm2 for 420, 870 and operation, for 250 pm long devices. The maximum
1180 pm long devices, respectively. The mean optical power was about 8 mW. These already
values for about 10 devices of the same cavity good figures can probably be improved because
length are not very different: 1140. 910 and 830 they seem to he limited by leakage currents through
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Molecular beam epitaxial growth and structural design
of In 0.52A10.48As/In 053Ga 0.47As/InP HEMTs

Yi-Ching Pao * and JS. Harris, Jr.

Department of Electrical Engineering, Stanford Uni'ersal, Stanford. California 94305. USA

Lattice-matched In, 12Ale 4sAs and In0 53GaO4 7 As lavers and two-dimensional electron gas (2DEG) structures have been grown
on (100) InP substrates by molecular beam epitaxy (MBE) with dimeric or tetrameric arsenic species. Surface morphology of 0.5 Am
In (, 5Ga 0 47As layers is strongly influenced by the As4 to group Ill flux ratio, and also by the arsenic species used in the growth. The
RHEED oscillation study shows that the uses of As, or higher As4 flux reduce the group III adatoms surface diffusion, hence
improving the interface or surface roughness caused by the alloy clustering. This behavior is more obvious in the growth of
In,) ,Ga. 47As lavers than Ino sAI0 4 As. Two-dimensional electron mobilities of over 11,080 cm 2 /V .s at 300 K and 33,500 cm

2/V-s
at 77 K with sheet charge of 3.9×Y 1012 cm 2 

have been achieved from this study.

1. Introduction migration doe- . ield the same improvement,
possibly dI.- to prelerential cation clustering [4].

The ternary compound, In4 1jGa. 47As, lattice The growth conditions which give good RHEED
matched to InP has attracted growing attention ir, oscillations do not produce smooth and featureless
recent years because its superior electron transp( rt surface morphology, thus disconnecting the corre-
properties for ultra high speed operations [I I and lation bcwt'et:n c,:owth front smoothness and the
its band gap compatibility to the 1.3-1.6 )Am growth conditions set by the initiation of RHEED
wavelength window of low transmission loss opti- oscillation.
cal fiber (2]. Though considerable progress has Earlier efforts using As, and optimizing the
been made to achieved better device performance, growth conditions have made considerable pro-
the fundamental growth process of these ternary gress in producing higher quality Ino,,Al0 45 As
compounds is still not well understood, and InO 3Ga 047 As layers [5-7]. However. a com-

During the MBE growth of GaAs, in order to prehensive study of the various growth conditions
obtain smooth and atomically abrupt interface, it on both uniform and planar doped lno ,AI 0 4%As/
is sometimes desirable to enhance the cation lnO,.,Gao 47As/lnP HEMT structures has yet to
surface migration so that the two-dimensional be reported. In this paper, we present a compara-
MBE growth process can be enhanced. This proc- tive study of As, and As 4 growth of 0.5 um
ess is evident by observing the oscillation in Ino.52AI0.4 8As and In1 ..3Ga 0.47As epitaxial layers.
the refraction high electron energy diffraction and report the resulting 2DEG properties of the
(RHEED) pattern [3]. However, in the case of InO. 52AI 0.4gAs/lno 5Gao.4 7As/lnP HEMT struc-
ternary compounds such as AIGa, _As and tures with uniform and planar doping schemes
Ino5Ga0 .47As, this enhancement of cation surface under optimized growth conditions. Based upon

this study. we have achieved state-of-the-art 2DEG
* Y.C. Pao is also with Varian Associates, Solid State Oper- material properties and planar doped HEMT per-

ation. Santa Clara. California 95054. USA. formance.

0022.0248/91/$03 50 4) 1991 - Elsevier Science Publishers B.V. (North-Holland)
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2. Experimental ino0 sA)0 48 A3

MBE growth of lattice-matched Ino.52Alo,4 As/ "A'JV
Ino.s3Gao.47As epitaxial layers and 2DEG hetero- As.
Nructures was performed in a modified Varian

MBE GEN-II system with two-inch non-indium
bonded semi-insulating InP substrates. The typical "0 5 2 AI 0 4sAs

growth rate of Ino 52 AIo 48 As and Ino 53Gao 47As is E
0.3 jtm/h. with a normal substrate temperature of E

490 C. The composition of the ternary layers was "V
determined using the RHEED oscillation tech- As2
nique performed on both GaAs and InP sub- In0 53C-40 47

A S

strates. The epitaxial surface morphology was
studied by Nomarski phase contrast microscopy,
and Hall measurements were used to provide elec- As,
trical characterization of the 2DEG sheet charge
density and electron mobility. The basic HEMT
structure used in this study is as follows: a 2500 A Time
Ino.52Ao45As undoped buffer, a 320 A undoped Fig. 1. RHEED intensity oscillations of lno.52AI 0 48As and

In 0.3Ga 0 47 As layer to form the 2DEG channel, a Ino 53Ga 0 47As with As, and As 4 sources.

30 A lno.52 Al, 45 As undoped spacer, either a uni-
form or pulse planar Si-doped Ino 5, Al0 4 ,As layer,
where the doped sheet charge or/and pulse layer incti.ase of the As 4 or As2 V/Ill flux ratios showed
thickness were varied to study the resulting electri- little change in either surface morphology or elec-
cal properties, a 250 A undoped In.s2A5o.45As trical properties of the In 0 .52 Alo.4,As epitaxial
layer, and a 30 A undoped Ino.53Gao.47As surface layers. However, in the case of Ino.53Ga 0.47As, the
layer was grown to reduce the effects of oxidation situation is quite different. Fig. 3 shows how the
and surface contamination on the 2DEG electron growth morphology of Ino 53Ga0.47As is influenced
properties. by the arsenic species and its strong dependence

on the V/IIl flux ratio with As 4 growth. The poor
surface morphology of fig. 3a occurred at a rela-

3. Results and discussion tive low V(As 4 )/III flux ratio of 16; however, this
is the same flux ratio used in fig. I where RHEED

Fig. I shows some typical RHEED oscillation oscillations were observed during the growth of
data taken during the growth of In 0 .52Al.4, As Ino.53Gao.47As. If the As 4 flux is increased further,
and InO53Gao 47As on InP. It is shown that the the Ino.53Gao_47As surface morphology improves,
specular beam intensity damps faster in the case as shown in figs. 3b and 3c. This is a clear indica-
of As 2 compared to As 4 for both Ino.52Alo.4,As tion that the growth of the Ino.53Gao 47As is
and In 0 .53Ga 0.a7As growth, indicating reduced ca- vulnerable to cation (i.e., Ga and In) surface
tion diffusion on the growth front with As2 cover- segregation, which is strongly affected by the ca-
age [8). Fig. 2 shows the surface morphology of 0.5 tion surface mobility which is mainly controlled
tm thick, moderately Si-doped In05 2 Ai 0.48As epi- by the surface arsenic coverage. Since the surface
taxial layers grown with As4 (figs. 2a and 2b) and texture in figs. 3a and 3b is not microscopically
As 2 (figs. 2c and 2d) sources, with the same group uniform throughout the surface, it is not likely
V to group III flux ratio of 14. There was almost that the poor surface morphology is due to As-
no difference in either surface morphology or elec- vacancies or their related defect complexes as in-
tron mobility ( - 410 cm 2/V • s at 300 K) between tuitively speculated. Fig. 3d shows a smooth epi-
the dimeric and tetrameric arsenic growth. Further taxial surface of In 0. 3Ga 0.47As achieved with As2

I i i ... .... .. ..... .. ....... ...
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a C.

Fig. 2. Epitaxial surface morphology and particle related growth defect on In 0.52Alo.4As grown under As 4 (a. b) and As 2 (c. d). The
markers represent 50 1pm (a, c) and 20 pm (b, d).

growth, even at a relatively low V/Ill flux ratio of the heterointerface of the 2DEG quantum well is
14. microscopically smoother with AS2 growth. This is

After recognizing the influence of arsenic consistent with our earlier discussion on surface
species on thick ternary compounds of Ino.52  morphology.
Al 0.As and in0.53Ga 0.47As, the next step was to To show the influence of different doping
examine the influence of arsenic species on 2DEG schemes (i.e., uniform versus planar doped struc-
structures. Fig. 4 shows the planar doped 2DEG tures) on 2DEG electrical properties, table 1 gives
electron sheet charge density and mobilities as a the results of varying the doping structure from a
function of spacer layer thickness, with the doped three-dimensional uniformly doped layer to a
sheet charge held constant at 5 x 102 cm-'. The two-dimensiona!, planar pulse doped layer. The
major difference in 2DEG properties between As2  sheet doping densities were constant at 5 x 10"2
or As 4 growth appears to be in the 77 K electron cm - 2 and As4 was used as arsenic species. It is
mobility, where a substantial increase (30-50%) of evident that the 2DEG sheet charge increases as
mobility is obvious with As 2 growth. Since the the doping pulse width decreases (thus increasing
2DEG sheet charge densities remain relatively the heterointerface 2DEG confining electric field).
constant, the most reasonable explanation is that The electron mobility, on the other hand, in-
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- -"

Fig. 3. Epitaxial surface morphology of Ino.s3Ga 0 .47 As layers grown under different arsenic conditions: (a) As4 with V/Ill ratio of
16; (b) As 4 with V/Il1 ratio of 26; (c) As4 with V/Ill ratio of 36; (d) As 2 with V/Ill ratio of 14. The marker represents 50 ,m.

creases gradually with increasing 2DEG sheet ment showed definite advantages of the planar
charge density, consistent with increased electron doped structure over uniformily doped ones. In
screening [9] of the Coulombic interaction (i.e., order to acquire even higher 2DEG sheet charge
scattering) with the host impurities. This experi- with planar doped structure, we undertook the

Table I
Comparison of 2DEG properties between uniform and planar doped HEMT structures

Structure Doping level/thickness Spacer 2DEG (300 K)

type (A) Sheet charge (cm- 2) Mobility (cm
2
/V

• 
s)

Uniform 2 x 10' 8 
cm- 

3/250 A 30 2.35 x 10 2  10,100

Uniform 4x lO8 cm- 3/125A 30 2.72x 10 2  l0.50u
Planar 5 X 10

2
cm-

2 30 2.95 x 1012 11,020
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105 t0, 4 Based on these epitaxial material results, we
4--77 K have fabricated a state-of-the-art, Ino_5 2A1 0 *As/

N E Ino 53Gao 47As/InP HEMT with sub-0.1 jim gate

length. This device has achieved an intrinsic cur-
-- 300 K rent gain cut-off frequency of over 288 GHz [101,

_104 -- 10, which is among the highest cut-off frequencies

E reported to date for any three-terminal devices.
0 oj
CIo __.> a

4. Conclusion
0 5 100 150 20u

The MBE growth of Ino.52AlosAs/InP is rela-
Spacer (A) tively insensitive to both the arsenic species used

_--o.- AS4  ---.--- As 2  and the V/Ill flux ratio. However, Ino.53Gao.47 As
Fig. 4. Comparison of the planar doped 2DEG electron sheet is strongly influenced by these parameters. The
charge density and electron mobility as functions of the spacer use of dimeric arsenic produces superior epitaxial
layer thickness and arsenic species. The Si sheet doping density Ine ofadim raemrpo gyan igr l

was constant at 5 X 1012 cm- 2. Ino_53Ga047As surface morphology and higher low
temperature 2DEG electron mobility. This im-
provement of low temperature 2DEG mobility is

following experiment with As 2 growth, since As 2  attributed to the microscopically smoother hetero-
offers superior 2DEG electrical properties. Fig. 5 interface obtained with As 2 growth. Due to the
shows that with further increase in the planar large F - L valley separation of the In0o 53Ga 0.47As
Si-doped sheet charge. the 2DEG sheet charge channel layer, the room temperature 2DEG elec-
density increases continuously, without degrading tron mobility remains relatively constant over a
the room temperature electron mobility. 2DEG wide range of 2DEG sheet charge density, be-
electron mobilities of 11,080 cm 2/V -s at 300 K tween 2.3 to 3.9 x 1012 cm - 2. A room temperature
and 33,500 cm2/V - s at 77 K with sheet charge of 2DEG mobility of 11,080 cm 2/V_ s with a corre-
3.9 x 1012 cm - 2 have been achieved; this is so far sponding sheet charge density of 3.9 x 1012 cm - 2

the best reported room temperature mobility with has been demonstrated, and state-of-the-art device
such high sheet charge density. performance has been achieved with MBE grown,

planar doped HEMT structures.

50 10 5
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High quality InP and In_ -GaxAsyP_>, grown by gas source MBE

Marc Lambert *, Lon Goldstein, Antonina Perales, Fabienne Gaborit, Christophe Starck
and Jean-Louis Lievin
Laborutoires de Marcoussis. Route de Nozay, F.91460 Marcoussis. France

The growth of high quality InP and In, ,Ga, AsP 1 -, by gas source molecular beam epitaxy is reported. 77 K mobilities up to
12.000 cm

2
/V-s for high purity InP have been measured. Fe-doped semi-insulating lnP has been grown using an iron effusion cell.

and resistivities as high as 109 1 cm have been obtained. Selective epitaxy of InP on Si 3N 4-patterned substrates is also presented.

I. Introduction 2. GSMBE system

Gas source molecular beam epitaxy (GSMBE) The GSMBE experiments were carried out in a
has, over the last few years, demonstrated high commercial MBE chamber fitted with a 2200 1/s
potential for the production of high quality layers turbomolecular pump to provide adequate pump-
as well as a wide range of optoelectronic devices ing of hydrogen produced by the decomposition
including double heterostructure lasers [1], quan- of the hydrides. A gas handling system with mass
turn well structures [2], DFB lasers 13] and optical flow controllers and switching valves was used to
amplifiers [4]. introduce pure AsH 3 and PH3 into the reactor

GSMBE offers number of advantages over other through a low pressure cracking cell. Three effu-

growth techniques. The epitaxial process requires sion cells (2 In and 1 Ga) and 4 hydride lines

a much lower flow of hydrides than metalorganic permit the growth of InP and 3n t  Ga AsP ,

vapor phase epitaxy (MOVPE). As opposed to alloys with minimum growth interruptions at the

chemical beam epitaxy (CBE), the growth kinetics heterointerfaces. Before growth, the Ga and In

and alloy composition of ternary and quaternary beam flux calibrations were computer controlled

materials are almost independent of substrate using an ion gauge.

temperature. The absence of MO compounds in The MBE system was installed in a class 10.000

the growth chamber avoids any carbon con- clean room with entry chamber connected to a

tamination of dopant effusion cells, cracking cells class 100 laminar flow station for loading and

as well as hot parts of the growth chamber, unloading wafers. The growth chamber was care-

In this paper, we review our results on the fully prepared: after venting, the system was baked

growth of high purity lnP and In, -,Ga.AsP t  out (200C) and each cell was individually out-

using GSMBE. We also report, for the first time, gassed. 7N purity indium sources (Johnson Mat-

the ability of GSMBE to grow high quality semi- they), 8N purity gallium source (Rhne-Poulenc)

insulating InP using an iron effusion cell. Selective and Si, Be and Fe dopant sources were loaded

epitaxy of InP on Si 3N4-patterned substrates is before a final bake out (150'C). The cryoshrouds

were continuously filled with liquid nitrogen, re-
ducing the partial pressures of background impur-
ities (H20, CO, etc.). Before growth, the base

Present address: ALCALTEL-CIT. D13partement Transmis- pressure of the chamber was in the 10- Torr
sion sur Cables. Nozay, F-91620 La Ville-du-Bois, France. range, due to residual hydrogen outgassing from

0022-02W/91/$03.50 0 1991 - Elsevier Science Publishers .V. (North-Holland)
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hot sources. Other partial pressures were below SEM THICKNESS MEASUREMENT 1!.3%l

10 -' Torr. 2 DI.
10 .. . . . . . . .+.

zI Tmox- 7m n =56%I

3. In,-_Ga.AsP,-, . growth .9 T r .
Tmen 4 t4 MICRONS.8

We have studied the growth conditions of = .8 I I

In,_-GaAs P,., alloys lattice matched to InP 40 30 20 10 0 10 20 30 40
over the entire range of composition (y = 2.2 x, POSITION f).

0< _<1). Fig. 2. lro53Ga 0 47 As thickness uniformity over a 2 inch

The growth mechanisms in GSMBE and in diameter wafer.

conventional MBE are very similar: the sticking
coefficients of Ga and In are equal to unity for proximatively the same sticking coefficient. For
substrate temperatures lower than the re-evapora- the s am sting oysficien. thetion limit of the group III elements, and indepen- the high phosphorus-content alloys (y < 0.6), the
dent of group V element fluxes. Growth rates relative sticking coefficient of As increases. In thisranging from 0.5 to 2 mm/h were typically used. region, we have observed a stronger incorporation

The thermal decomposition of AsH and PH of arsenic for reduced growth temperature [5]. Asgenerates As, and P, beams which allow low plotted in fig. 1, we have also observed a relativeV/Illeratio Asnd gro (betmswenc anw 1. decrease of arsenic incorporation when V/Ill ratioThe hydride flows needed are much lower than in decreased. This is in good agreement with theoret-The ydrde fowsneeed ae mch owertha in ical predictions given by Seki and Koukitu [61.
MOVPE. The variation of the arsenic concentra- C pition gn bycSe an forit [.
tion in the solid (y) versus the flux ratio Y = Composition and thickness uniformities ofAs,/(As, + P.,) is plotted in fig. 1. Two regions Ino, 52Gao.,7 As have been checked using respec-
are shown: for the As-rich alloys, the ratio of tively double-crystal X-ray diffraction and scan-group V elements incorporated in the solid is ning electron microscope (SEM) measurements.
almost the same as in the gas phase, whatever the High homogeneities over a 2 inch diameter wafer

state samperaste as pas, whaever t have been obtained, witn thickness variation lowersubstrate temperature: As, and P2 have ap than 1% and composition variation lower than

0.1% (see figs. 2 and 3). Photoluminescence wave-
length mapping obtained at room temperature on
a In 0.53Gao.47As/ln0 . 2Gao0 1sAs 0.4oP 0 6 quantum
well structure grown on a 2 inch substrate gave a
wavelength variation lower than 1 nm, confirming

the homogeneity in thickness and composition of
the alloys 17].

(%)
40 2/ .~m 2'IA ,

I 4 +

,47 I o, 07% I

4rmor
n-on I

1 '0 40 sI o 100 1 1 1

YN A*21(As2+P2) 40 30 20 10 0 10 20 30 .0

Fig. 1. Arsenic concentration in the solid as a function of the POSITI I{)i

flux ratio As2 /(As 2 + P2 ), with different V/Ill ratios R (T, = Fig. 3. In0 .s3Ga0 47 As composition uniformity over a 2 inch
500*C). diameter wafer.
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4. High purity InP growth and 1.4175 eV, respectively. A shoulder at 1.4166
eV can be attributed to neutral donor-hole transi-

GSMBE is well adapted to the growth of high tions (D 0 -h). The low intensity of acceptor related
purity materials, as previously reported by Cun- transitions observed in this spectrum confirms the
ningham et al. on GaAs [8]. We have also demon- high purity of the sample. Hall effect meastre-
strated that high purity InP can be obtained by ments performed at 77 K without illumination
this technique [9]. The growth has been performed have routinely shown residual carrier concentra-
at 500°C under a cracked-PH 3 flow giving a H, tions in the 1014 cm- 3 range with mobilities in the
pressure in the growth chamber of 5 x 10- Torr, range of 70,000-100,000 cm 2/V • s, with a best
as described in ref. [9]. value of 112,000 cm 2/V s for N, - NA = 2 x 1014

Fig. 4 shows a photoluminescence spectrum of cm- 3. These values, which are not corrected for
a high purity InP epilayer, obtained at 4.2 K. The surface depletion effects, are comparable to the
free exciton (X) and neutral donor bound exciton results obtained on very pure InP grown by CBE
(D°-X) transitions are clearly resolved at 1.4187 [10.111.

DLX .8"47

1 X-
, J t9 '1?,

__ I

.94 .93 .92 .91 .90 .89 .66 .87 pm

WAVELENGTH
Fig. 4. 4.2 K photoluminescence spectrum of a pure InP epilaver.
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These pure undoped InP epilayers were grown
over a several months period, alternatively with 1

lnGaAsP/InP optoelectronic structures with 10"
beryllium, silicon or iron doped layers. No special ,
procedures were adopted to avoid contamination o
from dopants, demonstrating the versatility of the A0C: 10",

GSMBE technique.
0

5. Semi-insulating InP L. L0"

=[ 10"
Many optoelectronic devices such as integrated 8)

waveguides, high speed lasers as well as integrated 10,000 I T (K)
circuits require high resistivity (semi-insulating) Fig. 5. Variation of iron doping level (SIMS measurements) as

InP layers. a function of the reciprocal of the iron cell temperature.

Fe-doped semi-insulating InP has been grown
by MOVPE [12,13] using ferrocene (Fe(C5H 5 ) 2) smooth surface, comparable to undoped layers
and Fe(CO), sources. More recently. Tsang et al. (fig. 6a). For higher doping levels, a degradation
[141 have successfully grown Fe-doped semi-in- of the morphology is observed. Fig. 6b shows the
sulating InP by CBE using a conventional iron surface morphology of an InP layer with an esti-
effusion source. We have used a 6N purity iron mated iron concentration of 1 0 t8 cm -3. The poor
source as dopant for GSMBE semi-insulating lnP. morphology is presumably induced by FeP pre-
As shown in fig. 5. the iron concentration is well cipitates as observed by Chu et al. in InP: Fe
controlled by the effusion cell temperature as grown by MOVPE [15,161.
calibrated by SIMS measurements. For iron con- For electrical characterization, an epitaxial
centrations below 10"7 cm InP epilayers exhibit structure consisting in a 3 pm Fe-doped InP layer

Fig. 6. Surface morphology of InP: Fe samples with estimated iron concentration of: (a) 10
17 cm - 3: (b) 1018 cm - 3. Marker represents

20 jum.
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10' which is one of the best published, is of particular

interest for device applications.

10*"
6. Selective epitaxy

[1 Whereas VPE [18], MOVPE [191 and CBE
[11,201 have demonstrated excellent selectivity,
GSMBE and conventional MBE have been con-
sidered to have poor selectivity because of the
high sticking coefficients of group III elements.

' 101 101 01 We have studied selective epitaxy of InP on par-
Voltage ( V ) tially masked and grooved (100) InP substrates.

Fig. 7. Current-voltage characteristic of a 90 pm diameter Grooves along the (110) directions were formed
mesa n *-Sl-n structure with a 3 pm thick InP: Fe layer. using Si 3 N 4 masks and wet etching or reactive ion

etching (RIE) processes.
For standard growth conditions, polycrystalline

sandwiched between two n' doped InP layers has deposition occurs on the dielectric mask. How-
been grown on an n' doped substrate. The iron ever, for high growth temperatures (> 560'C),
concentration was estimated to 1017 crr '. Ti/Au selective epitaxy has been achieved with no de-
contacts have been evaporate( ., joth sides of position on Si 3N4, as shown by the SEM pictures
the structure and 90 pm cherri-,d etched mesas in fig. 8. Such effect, which has already been
have been processed. A t,, .cal current-voltage reported for MBE-grown InAs [21], is due to the
characteristic of the strwcture is given in fig. 7. As enhanced re-evaporation rate of indium on dielec-
previously described by Macrander et al. [17], two tric surface as compared to InP substrate at these
regimes are shown: an ohmic regime occurs at low temperatures.
voltage, and for voltages higher than 3 V, a The beam nature of GSMBE has been observed
quadratic regime, characteristic of space-charge with regrowth on a non-rotating substrate. A
limited current, is observed. The resistivity in the cross-patterned mask has been used to etch the
ohmic re:gion is as high as 10' Q cm. This result, substrate. Fig. 9 gives a schematic representation

Fig. 8. SEM photographs of InP growth on Si3N-masked substrate with RIE grooves. Markers represent I pm.
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In P2  P2  In been reported for the first time. Resistivities as
\high as 109 12 cm have been obtained. We have

also demonstrated the selective epitaxy of InP at
substrate temperature in the range of 550-5601C.

7-- These results demonstrate that GSMBE is now
strongly established as a powerful growth tech-

(a) 5b) nique to provide high quality InP based materials

Fig. 9. Schematic representation of InP regrowth on a non- and is particularly attractive for the realization of
rotating engraved substrate. The spatial separation between the future optoelectronic integrated circuits.
indium cell and the gas injector gives the difference in the

molecular beam angles.
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Gas source MEE (migration enhanced epitaxy) growth of InP
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High-quality InP layers are grown by gas source MEE (migration enhanced epitaxy) method at 3500 C. It is found that even at a
substrate temperature as low as 350 0 C. the desorption of some amount of phosphorus from the InP surface occurs when the PH,

flowN is interrupted, although the RHEED pattern is still showing the 12x4) reconstructions. As a result, the perfectly alternating
suppl, of indium and phosphorus can be achieved only when PH, is supplied with a proper interruption time before the supply of In.
It is also found that InP layers grown by gas source MEE at 350'C have optical properties equal to or better than those grown by

conventional gas source MBE (molecular beam epitaxy) at 470'C.

1. Introduction tion of the hetero-interface. The optical and elec-
trical qualities of the SL/QW structures will be

lnGaAs/lnP superlattice (SL) and quantum also influenced by the precise atomic arrangement
well (QW) structures consist of two group III and at the interfaces. These situations are common in
two group V atoms and have two different types all the SL/QW structures having two group IllI
of hetero-interfaces (InGaP and InAs) depending and two group V atoms, such as InGaP/GaAs
on the growth sequence even when ideally formed, and lnAs/AlSb.
Recently, the existence of two different types of To control the physical properties of the
hetero-interfaces was confirmed with high-resolu- SL/QW structures, the atomically controlled
tion X-ray diffraction [1]. Under the usual growth growth of the hetero-interfaces is necessary.
conditions, the hetero-interfaces have uncontrolled Migration enhanced epitaxy (MEE) is an attrac-
interfaces because group V atoms are usually sup- tive method to form tailored hetero-interfaces be-
plied during growth owing to high growth temper- cause of low growth temperature and alternating
ature. Furthermore, in the growth of lnGaAs/InP supply of group III and group V atoms. However,
heterostructures, the changeover of As and P flows the MEE growth of InGaAs/InP heterostructures
is necessary and the incorporation of As (P) into is difficult in the conventional solid source MBE
the InP (InGaAs) layer and the desorption of As system, because these heterostructures have two
(P) from the InGaAs (InP) layer near the inter- group V atoms.
faces are easy to occur. In this paper, we will report, for the first time,

The atomic arrangement at the interfaces will the results on the MEE growth of lnP using PH,
influence the physical properties of the SL/QW as group V atom source (gas source MEE). The
structures. For example, this will be one of the effects of the interruption times of the PH3 flow
reasons of the scattered reported values for A E. at before and after the In supply and the In supply
lnGaAs/InP hetero-interfaces [2-41. In fact, PL time on the RHEED (reflection high energy elec-
peak energy shift is observed for QWs prepared by tron diffraction) patterns -and the intensity re-
different growth schedules 151, namely QW PL covery are described. The results of photolumines-
peak energy changes depending on the composi- cence (PL) measurements on gas source MEE-

0022-0248/91/$03.50 -' 1991 - Elsevier Science Publishers B.. (North-Holland)
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grown InP layers and conventional gas source
MBE-grown InP layers are also presented.

2. Experimental

The gas source MBE system (ANELVA
GBE830) used here is evacuated by an oil diffu-
sion pump with a liquid nitrogen trap. Solid in-
dium and gas phosphine (PH,) were used as group
III and group V sources, respectively. PH 3 was
introduced into the growth chamber through a
mass flow controller (MFC) and a gas cracker cell
(- 900'C). The substrates used were Fe-doped
(001) InP. The substrate surface was thermally
cleaned prior to growth with a PH 3 flux of 1.0
SCCM at 500'C for 10 min. The InP layers were
grown at substrate temperatures (T) of 350 and
400'C with a PH 3 flux of 0.2 SCCM by MEE
method. The T was monitored with an infrared
optical pyrometer. The PH 3 gas flow is rapidly
supplied or interrupted by using electronically op-
erated block valves located close to the gas cracker
cell. Fig. 1. RHEED patterns from (001) InP surface at 350 C for

The RHEED measurements were carried out [1101 and 11101 azimuths: (a) without PH 3 flow and (b) with a

with an incident electron beam energy of 25 keV. PH 3 flux Of 1.0 SCCM.

The RHEED intensity oscillation was measured
on the specular spot in the [100] azimuth. traces recorded during the alternating supply of In

PL measurements were also carried out at 77 K and P when the supply of P is interrupted for over
with a He-Ne gas laser (6328 A. 15 mW) as an 30 s before the supply of In, as shown in fig. 2a, at

excitation light source. 350 °C (fig. 2b) and 400 °C (fig. 2c) for various In
supply times (t,0 ). The RHEED patterns were still
exhibiting the (2 x 4) reconstructions throughout

3. Results and discussion the interruption time. The In supply time when
RHEED intensity recovers the most quickly for

InP layers exhibit (2 x 4) reconstructions in the the 350'C growth is 1.8 s, which is shorter than
phosphorus-stable region at a value of T. such as the growth time (2.5 s) of one monolayer which is
470'C, for the usual MBE growth. At a lower measured from RHEED oscillation traces in the
value of T, clear (2 x 4) RHEED patterns were usual MBE growth at 3500 C. It is also found that
observed on the lnP surface when the PH, flow the In supply time when RHEED intensity re-
was interrupted (fig. la). However, with a PH3  covers the most quickly at 400*C is still shorter
flux of 1.0 SCCM at 350 0 C, the (2 x 4) patterns (1.0 s). This indicates that at 350 0 C some amount
became diffused, as shown in fig. lb. And this was of P atoms desorb from the surface and excess In
more noticeable with increasing PH. flow rate. It atoms exist there, although the RHEED pattern is
can be said that the supply of excess P atoms at still showing the (2 x 4) reconstructions, and that
350 C induces the additional adsorption of P on only In atoms less than one monolayer are neces-
the surface and changes surface reconstructions. sary to be deposited there to complete one mono-

Figs. 2b and 2c demonstrate RHEED intensity layer growth, i.e.. the number of In atoms neces-

I i _ _ . _ . ._ . _ .. _ . . ,,._ =
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sary to be deposited on the surface decreases from (a) In [--
the number of In atoms equivalent to one mono- PH3' t

o :2 5s; 5s

layer. This is quite different from the MEE growth
of GaAs [61, where the number of Ga atoms (b) Inn PH3on'
necessary to be deposited on the surface to achieve
the quickest recovery of the RHEED intensity is "- toos
equal to the number of surface sites. This observa- D -- 2s" Z ,i 3s

tion in the InP growth will be closely related to , -

the fact that the (4 x 2) reconstructions cannot be z i,'
observed in the (gas source) MBE growth and that /

the InP surface changes from the (2 x 4) recon- ..

structed surface to a matted surface without (4 x 2) -,.
region [7]. It is important to take the above experi- - I

mental facts into account to form the controlled o
interface of InGaAs/InP. U_ ,. :

It is also important that succeeding In atoms Ts= 350 C
'JPH3= 0.2 scrmare deposited on the surface covered with one ,4

monolayer of P atoms. This is achieved by means 0 5 10 1'5
of giving the interruption of the PH 3 flow before TIME (sec)
the In supply. Fig. 3b shows RHEED intensity Fig. 3. (a) Deposition diagram of In and P and (b) RHEED

traces by the sequence as shown in fig. 3a as a intensity recovery at 350*C as a function of the interruption
function of the interruption time (to) of the PH 3  time (t()) of the PH, flow using the deposition diagram shown

flow before the In supply, where the In supply in (a).
time (ti) is chosen to be 2.5 s. which is the one

(a) PH3= 0.2 sccm monolayer growth time in the usual MBE growth
In F:l at 350°C. The recovery of RHEED intensity is't 5s

PH3 5s observed before the P supply when to equals 0 and
I s. This indicates that the RHEED intensity
recovers by the incorporation of supplied In atoms

(b) t.1 .S8 and excess P atoms which remain on the surface

>- _i / or in the atmosphere before the P supply. On the
other hand, when to increases to 5 s, the RHEED

Z intensity just falls and then recovers by the P

z supply; this suggests that some amount of P atoms
desorb from the surface during the P supply inter-

Ts= 350 *C ruption time of to. When to is chosen to be 2-3 s,

a: 0 10 20 the regular RHEED intensity recovery is ob-.0g .
served.

o ,a Fig. 4b shows RHEED intensity traces with
w 1
0. /2.2 to = 3.0 s by the sequence as shown in fig. 4a as a400 C function of ti.. It is found that the RHEED

intensity recovers the most quickly when 'in equals0 10 20 2.5 s. This time just corresponds to the growth
TIME (sec) time of one monolayer in the usual MBE growth.

Fig. 2. (a) Deposition diagram of In and P, (b) RHEED
intensity recovery at 350*C as a function of In supply time This indicates that neither excess phosphorus ex-

(tn) using the depoaition diagram shown in (a) and (c) RHEED ists nor deficiency of phosphorus occurs on the
intensity recovery at 400 * C. surface during growth.
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(a) In 5- r (a) Z77,
3s tin 5s (a) 77K

PH3/ " -

(b) in on*

t... 2 . s
I-------1.s 

e

I-

z z
L i

z

._1
w

PH3= 0.2 socm 860 880 900
WAVELENGTH (nm)

0 10 2"0 3'0 Fig. 6. 77 K PL spectra for three types of 3000 ,A thick InP

TIME (sec) layers grown b ,_ (a) gas source MEE at 350, * C, (b) gas source

Fig. 4. (a) Deposition diagram of In and P and (b) RHEED MBE at 350°C and (c) gas source MBE at 470'C. respec-
intensity recover% at 350'C as a function of In .supply time tively. in the same growth chamber. Top: (110): bottom: (110).

('In) using the deposition diagram shown in (a).

layer in the usual MBE modle is 2.4 s, which is
The gas source MEE growth was done by alter- slightly different from the 2.5 s in figs. 3 and 4.

nately supplying an optimum amount of In and P due to the slight difference in the In cell tempera-
atoms. Fig. 5b shows the RHEED intensity traces ture. Persistent RHEED oscillations were ob-
during the growth of lnP by gas source MEE at served with the same amplitude during the growth
350'C by the sequence as shown in fig. 5a. In this of over 1000 cycles, as shown in fig. 5b. During
case. the In supply time equivalent to one mono- the growth of lnP by gas source MEE. the (2 × 4)

RHEED patterns were observed either during In

(a) in F r supply or during P supply.

3s 24s 6._s The 77 K PL spectra are shown in fig. 6 for
PH3__h _ , s _ three types of 3000 A thick samples grown by gas

source MEE at 350'C (fig. 6a). gas source MBE(b) gas source MEE Ts 350 'C at 350'C (fig. 6b) and gas source MBE at 470'C

zPH3 02 w n80 80 90

0 (fig. 6c). respectivel, in the same growth chamber.

] !' ' The FWHM (full width at half maximum) values

~are almost the same. but the PL intensitv€ of gas

Cr If- source MEE-grown lnP is about twenty times as
~large as that of gas source MBE-grown lnP at the

0.same temperature and about one and a half times

0 120 240 360 as large as that of gas source MBE-grown InP at
TIME (sec) 470C This indicates that th e gas source MEE-

Fig. 5. (a) Deposition diagram of In and P and (b) RHEED grown at 350 ° an C has optical properties equal
intensity trace during gas source MEE growth of InP at 350C to or better than the gas source MBE-grown nP

using the deposition diagram shown in (a). at 470 ° C.

lae nteuulMEmoeir. ,wihi
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4. Conclusion of InGaAs/InP SL/QWs with tailored hetero-in-
terfaces.

Even at a substrate temperature as low as
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GSMBE growth of GaAs at low AsH3 cracking temperatures

M.J. Hafich, H.Y. Lee, P. Silvestre and G.Y. Robinson
Department of Electrical Engineering and Center for Optoelectronic Computing Systems, Colorado State Universit. Fort Collins.
Colorado 80253, USA

A series of nominally undoped GaAs layers were grown by gas source MBE (GSMBE) with an elemental Ga source and AsH
cracked by a low pressure Ta gas cracker at cracking temperatures, T,,, between 500 and 1100 *C. For T,, below 800°C the AsH,
flow rate was increased to maintain an As-stabilized surface. All samples were found to be p-type. Uhe net carrier concentrations
decreased linearly as T. was decreased from 800 to 5000 C; for T.. = 800 °C, ,177K = 4300 cm2/V -s, whereas when T, = 500 0 C,

P'7K = 6400 cm
2
/V-s. Low temperature photoluminescence (PL) on samples grown at T., = 900*C and T,,= 500*C showed

carbon to be the dominant acceptor and a much lower level of carbon incorporation at the lower gas cracking temperature.
Quadrupole mass spectrometer measurements of the AsHj pyrolysis by the gas cell indicate only partial cracking occurring for
TP = 500 to 8000C; thus, AsH 3 fragments may be affecting carbon incorporation at the growth surface.

1. Introduction sarily made available" [3]. It is the role of the
partially cracked arsine species that we have ex-

The use of thermally decomposed arsine as a amined in the present work.
source of arsenic during MBE growth was begun We report here the growth of a series of unin-
by Panish [1]more than a decade ago; since then tentionally doped GaAs epilayers by gas source
the use of arsine and elemental Ga or an molecular beam epitaxy (GSMBE) where the tem-
organometallic Ga compound for the growth of perature (T,,) of the low-pressure gas cracking
GaAs by MBE has been employed by numerous cell was varied between 500 and 1100'C. Hall
groups. The utilitarian advantages to the use of measurements of these layers show a distinct de-
arsine are well established: gas flow control is crease in carrier concentration as Tg., decreased
precise. reproducible. and very quick; flux is con- from 900 to 500'C along with a corresponding
stant throughout the life of the supply: and the increase in Hall mobility. Low temperature photo-
arsine supply may be easily replenished without luminescence measurements indicated a decrease
venting the MBE vacuum chamber. The use of in carbon incorporation when Tar= 500°C. Upon
arsine and elemental Ga for the growth of GaAs examining a quadrupole mass spectrometer mea-
has repeatedly produced high quality epilayers surement of the thermal decomposition of arsine
[2,31: this may be due in part to the hydrogen as a function of T",, we believe that the partially
ambient resulting from the thermal cracking of cracked species of arsine were responsible for im-
arsine. Calawa [4] demonstrated that a hydrogen proved GaAs characteristics at low AsH 3 cracking
ambient during GaAs growth significantly reduces temperatures.
the incorporation of carbon and oxygen in the
epilayer. It has also been speculated in the litera-
ture that "the presence of the AsH radical on the 2. Experimental
growth surface can play a key role in inhibiting
hydrocarbon pyrolysis since a surface can play a The vacuum system used for this work was a
key role in inhibiting hydrocarbon pyrolysis since Perkin-Elmer Model 433 MBE system with an
a surface population of atomic hydrogen is neces- Ulvac gas cell and a cyropump to remove excess

0022-0248/91/$03.50 41 1991 - Elsevier Science Publishers B.V. (North-Holland)
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hydrogen. The Ulvac gas cell is a hydride gas 3. Characterization
cracking oven that operates in the low-pressure
region (below 10 Torr) and consists of a gas flow All of the layers in this study were p-type and
region baffled with 11 Ta discs inside a 12 cm fig. 1 shows the net carrier concentration (N. - Nd)

long, 1.5 cm diameter, heated Ta tube. AsH 3  and Hall mobility of each layer versus the temper-
(and/or PH 3 for the growth of other materials) ature of the gas cell during epitaxial growth. The
was supplied to the gas cell by a delivery system open circles are data from Hall measurements at
using closed loop pressure control to regulate the 300 K and the filled circles are data from Hall
flow of gas. The gas cell was used to crack both measurements at 77 K. The change in net carrier
AsH 3 and PH 3; although no PH 3 was used during concentration with measurement temperature is
the growth of these epilayers, phosphide materials consistent with the expected change in occupation
were grown during this time period and we did of acceptor impurities in GaAs. Fig. 1 shows the
observe a small amount of phosphorus in these data can be divided into two regions: at or below
samples. During the six month period when this 800 0 C the net carrier concentration decreases with
series of layers were grown the vacuum system T,, and at or above 900 aC the net carrier con-
was not vented and only a single cylinder of AsH 3  centration has little dependence upon T., From
151 was used. fig. lb, the 77 K hole mobility increases with

The growth conditions for each of the GaAs decreasing Tg, for T, below 8000 C. The com-
layers were kept as identical as possible. The sub- bined changes in carrier concentration and mobil-
strate material used was undoped, semi-insulating ity indicate that the number of acceptor impurities
(100) GaAs and a single wafer was cleaved and incorporated in the epitaxial film decreased as T.,
used for the growth of all of the layers. The was decreased. Assuming the 77 K mobility was
temperature of the gas cell was constant in the due to only impurity scattering and lattice scatter-
range from 500 to 1100'C, each of the GaAs ing, the temperature dependence of the hole mo-
layers was grown with a substrate temperature of bility in GaAs (summarized by Blakemore [61)
620'C, the GaAs growth rate was 1.05 ± 0.10 yields a decrease in acceptor concentration of N,
pm/h. and the epilayer thickness was nominally 5 of about a factor of 2 while the donor concentra-
Am. The AsH3 flow varied from 2.5 to 7.0 SCCM tion Nd remained approximately constant. For
over the series of layers grown; during the growth Tg, above 800'C, the decreasing mobilities indi-
of each layer the V/Ill ratio was held constant at cate additional impurities which may have been
a value between I and 2. produced by the gas cell at the high operating

E16, 6500

0 300 K Data 5 W GaAs le ers

SE15 077K Data 6000 ,
> Tg50 1000C)

,5500

E SE15 , 5000

0 , -64500
Z 4E1S 0 0I 0 m 4000 r 0

400
z

2E15 0 X

' 3000 t
0 '2500 b). .
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Go Cell Tempea ture C0

-) Gas Cell Temnpe o~ure ('C)

Fig. 1. (a) The net carrier concentration N. - Nd for the unintentionally doped GaAs layers plotted against the gas cell temperature
used during epitaxial growth. The open circles were obtained from Hall measurements at 300 K and the filled circles were obtained
from Hall measurements at 77 K in the dark. (b) The measured Hall mobility at 77 K as a function of T,,. The vertical dashed line

in both plots denotes the division in the data between effects at low r,,, and at high T,_
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temperatures. Finally, two of the growths were o.o
repeated, one with T.=900*C and the other I .. .
with T. = 500 *C, and the trends in the net car-
tier concentration and 77 K Hall mobility were &As

reproducible. Low temperature photolumines- -

cence (PL) measurements were performed on two -10 _-_k M H'

of the samples in this study: one grown with "-" *AsH"

T., =900°C and the other grown with T.= 0
500 * C. The PL spectra are shown in fig. 2. Both V

spectra were observed to be shifted to higher 0.1
energies due to the differing amounts of residual 300 400 500 600 700 80 900 1000 1100 1200

phosphorus incorporated in films during growth Gs Ce! Temperatue iC)

(mesurdsbyndouboeacrystal X-ray dif r th f Fig. 3. The uncorrected ion currents from a quadrupole mass
spectrometer for t12 (2 amu) and the singly ionized fragments

the energy shift due to the residual phosphorus is of AsH 3: As' (75 amu), AsH* (76 amul AsH4 (77 amu) and
removed [7] then the peak assignments shown in AsH' (78 amu). The ion currents were measured as a function

fig. 2 agree within 0.5 meV of published values of the gas cell temperature and with an AsH 3 flow of 0.5

[8.9] and it is clear that the dominant residual SCCM.

impurity in these films was carbon as is typical of
MBE material. Lu et al. [9] demonstrated that
estimates of both the compensation ratio, Na/N ,  5000C had a significantly lower acceptor (carbon)
and the magnitude of N can be obtained from concentration. These results agree qualitatively
integrated peak intensities in the low temperature with the electrical data presented in fig. 1, indicat-
PL spectrum of GaAs. Based on that analysis, the ing that the residual acceptor is carbon and the
implications for the spectra of fig. 2 are: (1) for carbon incorporated in the GaAs epilayers de-
the sample grown with T, = 900°C the similar creases as T., is lowered.
intensities of the excitonic peaks indicates a large Fig. 3 shows the hydrogen and the fragments of
compensation ratio whereas for the sample grown arsine observed in the quadrupole mass spec-
with T, = 500'C the dominance of the (A°, X) trometer (QMS) of the GSMBE system as a func-
peak indicates only slight compensation, and (2) tion of T. The QMS ionizer was located 2-3 cm
the ratio of the (e, C)/(AP. X) peaks in each sam- above the growth position of the sample and not
pie shows that the sample grown with T11.= on the axis of the gas cell. A large noise level and

very small electron multiplier gain in the QMS
during the measurement prevented us from ob-

(A.,) Excitat:on: A+ l.ser serving the arsenic peaks above 75 amu. The mea-
514 5 -, 0.3 W/cm

2  surement was performed with 0.5 SCCM of AsH,
(cc) flowing to minimize nonlinear effects when the

QMS operates at pressures exceeding 10 _ Torr
(0 .X) [ [10]. With 0.5 SCCM of AsH 3 . the flow in the gas
D0*.X) -cell was molecular and gas-wall collisions domi-

- .-. SOoC nated the cracking process: not much change from
2 

..S(c) this condition was expected for the higher gas
(.X) (O- flows used during epitaxy since flow in the gas cell

1^1 .does not enter the viscous flow region. At T. =
8000 8100 8200 8300 8400 8500 8600 300°C the relative magnitudes of the arsine frag-

Wovelength (A)
ments agreed with published fragmentation pat-Fig. 2. 2 K phototumineseence spectra of a GaAs epilayer terns. As T~a was raised, the increase of the H,+

grown with a gas cell temperature of 500oC (upper spectrum)
and a GaAs epilayer grown with a gas cell temperature of peak and the relative increase in the As ' peak

900*C (lower spectrum). (shown as the triangular data points and the

.I i ...... ....... .. ..... .. . . . .. ... .
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dashed line) above the AsH', the AsH2, and the luminescence measurements. The authors grate-
AsH * peaks resulted from the cracking operation fully acknowledge the support of the Air Force
of the gas cell. The most important effect to be Office of Scientific Research (Grant 89-0513) and
observed from fig. 3 is that the change in the the Center for Optoelectronic Computing Systems,
cracking of the arsine by the gas cell occurs in the sponsored by the National Science Foundation/
temperature region from 400 to 800 * C, the same Engineering Research Center Grant CDR-86-
temperature region in fig. la where the net carrier 22236 and by the Colorado Advanced Technology
concentration in the GaAs epilayer was changing. Institute, an agency of the State of Colorado, and
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Residual impurities originating from AsH 3 in GS-MBE grown GaAs

S. Nagao, Y. Inoue, E. Kawanishi and H. Gotoh
Thin Films Laborato., Research Center, Mitsubishi Kasei Corp.. 1000 Higashimamiana, Ushiku, lbaraki 300.12, Japan

The dependence of residual impurities in GS-MBE grown GaAs on cracking temperature and differences between batches of
AsH, has been studied. Samples were characterized using Hall measurement, photoluminescence and SIMS analysis. Silicon and
sulfur were identified as dominant residual donors, and these impurities were concluded to come from gaseous impurities in AsH.
The residual donor concentration and the dominant donor species were found to depend mainly on differences between batches of
AsH 3. reflecting differences in methods used to produce and purify AsH 3.

1. Introduction suppher has its own purification method that
mainly reduces the amount of water in AsH 3 .

It is well known that the presence of residual Both batches of AsH 3 had purities of 5N accord-
impurities in gas source molecular beam epitaxy ing to the suppliers' specifications. The methods
(GS-MBE) grown GaAs depends on the cracking used by the suppliers to reduce water have not
temperature of AsH 3 [1]. This is thought to be due been revealed yet. The group V gas cell was made
to impurities from the gas cell used in the GS-MBE of PBN and alumina. Group Ill sources of Ga
system. A few reports describe the relationship and Al have purities of 8N and 5N, respectively,
between residual impurities in GaAs grown not and were held within PBN crucibles.
only by GS-MBE, but also by metalorganic vapor Undoped GaAs films were grown on (100) ori-
phase epitaxy (MOVPE) and those in the source ented Cr-doped GaAs substrates at a temperature
AsH3 [2,3]. It is considered that information about of 600'C and a growth rate of 1.0 pm/h. The
impurities in AsH3 will contribute toward obtain- cracking temperature of AsH 3 was varied from
ing higher quality epitaxial films by GS-MBE, 700 to 900*C. The total beam intensity of the
chemical beam epitaxy (CBE) and MOVPE. cracked AsH 3 was 5 x 10-3 Pa. The stability of

This paper reports on residual impurities in the source AsH 3 quality was also examined. The
GS-MBE grown GaAs originating from the source source AsH 3 was connected for three months to
AsH,, and examines the stability of source AsH, the gas handling system of the GS-MBE appara-
quality. The characteristics of high electron mobil- tus. then undoped GaAs films were grown under
ity transistor (HEMT) structures grown by GS- identical conditions. Finally, HEMT structures
MBE are also evaluated, were grown on the condition that high purity

GaAs had been obtained.
The characteristics of grown films were

2. Expeimats evaluated by Hail measurement. photolumines-
cence (PL) spectroscopy and secondary ion mass

The GS-MBE system (VG V8OH) employed in spectroscopy (SIMS) analysis. Photoluminescence
this study was equipped with a high-pressure gas was measured at 4.2 K, and the excitation source
cell (HP-GC), and was evacuated by an oil diffu- was the chopped 5145 A line of an Ar laser. 0.25
sion pump. Two batches of AsH. (AsH 3-1 and jsm gate length, low noise HEMTs were also
AsH3-2) from different suppliers were used. Each fabricated.

0022-0248/91/503.50 1991 - Elsevier Science Publishers B.V. (North-Holland)



512 S. Nagao et at / Residual impurities originating from AsH3 in GS-ABE grown GaAs

3. Results and discussion T 4.2 K AsH 3-1

The dependence of residual carrier concentra-
tion in GS-MBE grown undoped GaAs on crack- D0 sX (Si)
ing temperature and differences between batches Tc900C

of AsH 3 is shown in fig. 1. All films grown from
AsH-1I exhibited n-type conduction, and carrier
concentration increased as cracking temperature
increased. Films grown from AsH3-2 under the
higher cracking temperatures also exhibited n-type (00
conduction, and they had almost the same temper- Tc =700%
ature dependence except that the level was lower
than that of films grown from AsH 3-1. Undoped
GaAs grown from AsH,-2 at the lower cracking (F, X (GC

temperature exhibited p-type conduction and a 0 820 840 860
carrier concentration of below 10 " cm -. The fact Wavelength (nm)
that the difference in residual carrier concentra-
tti te dfeenced in resi l archnctentra- Fig. 2. PL spectra of GaAs grown by GS-MBE at T = 900 andtion level depended on AsH, batch indicates that 700'C using AsH-1, measured at 4.2 K.
the residual impurities originated from the source
AsH,. The dependence of residual carrier con-
centration on cracking temperature suggests the films. The activation energies of carrier concentra-
possibility that impurities in AsH 3 exist as gaseous tion in GaAs grown from AsH ,-] and AsH,-2 are
compounds: they are thermally decomposed in the estimated to be 1.76 and 1.69 eV, respectively.
gas cell and they are incorporated into GaAs Fig. 2 shows the PL spectra at 4.2 K of un-

doped GaAs grown from AsH,-I. There is a strong
luminescence related to Si acceptors in the PL

Tc (*C) spectrum of GaAs grown at the higher cracking
900 800 700 temperatures. In addition, there are three promi-

nent peaks which are related to C. Si and Ge from
As\^ the GaAs at the lower cracking temperature.

47H 3  Therefore silicon must be a dominant n-type im-
1016 open n-type purity in the GaAs grown from AsH,-I. In con-

o- solid p-type trast, there are not prominent peaks except for a
C-related one in the PL spectrum of GaAs grown
from AsH,-2, as shown in fig. 3. Dominant n-type

101-? impurities in GaAs grown from AsH 3-2 cannot he\ \0 identified at this point. The prominent peaks in

the exciton luminescence region in all films grown
using AsH3-1 and the film grown at the cracking
temperature of 900'C using AsH,-2 are due to
the recombination of excitons bound to neutral

* donors (D° , X). On the other hand, in the film
0.8 09 10 1.1 grown at the cracking temperature of 700'C using

1000/Tc (K) AsH_3-2, the free-exciton recombination line (F. X)and the neutral acceptor bound exciton transition
Fig. I. Residual carrier concentration versus cracking tempera- (A O, X) are clearly observed, as well as excitons
lure (T) in GaAs films grown by GS-MBE from AsHj-I and
AsH -2. Activation energies of carrier concentration are 1.76 bound to donors. Carbon acts as an acceptor in

and 1.69 eV. respectively, the GaAs from both batches of AsH3.
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T =4.2 K ASH3-2 tion of the PL spectra. On the other hand, there
(D0,x) was no Si detectable by SIMS in the GaAs grown

To.00c from AsH3-2, and the S concentration corre-
C (x 4) sponds to the residual carrier concentration. The S

level is almost the same as that of the GaAs grown
from AsH 3-1. Incorporation of S into AsH 3 is

1probably related to the production of AsH 3 by the
following reaction:

(D* ,X) Zn3As2 + 3 H 2SO4 - 2 AsH 3 + 3 ZnSO4 .

- (X). ( C) T, ,rooc It is well known that HS is also generated duringIergy 
of residual carrier concentration in the GaAs

Lgrown from AsH 3-2 is 1.69 eV, which corresponds
to the decomposition enthalpy of HS [6]. Sulfur

800 820 840 860 may exist in the AsH 3 as a gaseous compound of
Wavelength inmo) H2S, and be thermally decomposed and stick to

Fig. 3. PL spectra of GaAs grown by GS-MBE at T, = 900 and GaAs films [7,8].
700°C using AsH,-2, measured at 4.2 K. All undoped GaAs films grown from AsH3-2.

after it was left attached to the system for three
AsH3-1 may have been contaminated by Si-re- months after the first series of growths was done,

lated compounds during the production and puri- exhibited p-type conduction, even at the high
fication of the AsH 3. The observed activation cracking temperature of 1100 C. The carrier con-
energy of 1.76 eV is close to values obtained centration of all films were on the order of 1013
during the thermal decomposition process of SiH 4  cm- 3.Sulfur was not detected by SIMS analysis
[4,5]. Thus, SiH 4 is one possible gaseous impurity in any of the films. This may be attributed to the
in AsH3-1. However, the exact mechanism of Si adsorption of H2S onto the walls of the AsH 3
incorporation in GS-MBE grown GaAs is not cylinder. The hole mobilities were all about 450
obvious. Complicated processes such as the ther- cm 2/V • s at room temperature.
mal decomposition of SiH 4, the generation of Typical two-dimensional electron gas (2DEG)
various kinds of radicals or Si sticking to the gas mobilities of AIGaAs/GaAs HEMT structures
cell and re-evaporating from it may be involved, grown in the same MBE system by conventional

The results of SIMS analysis are shown in table solid source and by gas source MBE were ex-
1. Silicon dominates the residual impurity con- amined. Each structure had layers consisting of I
centration in GaAs grown from AsH 3-1. This re- pm undoped GaAs, 6 nm undoped Ai 0_3Ga 0 7 As
sult is consistent with that obtained from observa- spacer, 70 nm Si-doped Al0o3Gao.7As (1 X ]0lt

Table I
Impurities in GS-MBE grown GaAs using different AsH3 batches, measured by SIMS analysis

Sample Carrier Carrier Impurity concentration (cm- 3) , AsH1
No. concentration type Si Ge S Se Te (*C) batch

(cm- 1 ) No.

064C 4.9) 10'6  n 3.5x10' 6  ND 2.8x105  ND ND 900 1
068C 1.4X 10

1  n 1.2x 10
5  ND NDx ND ND 700 1

451C 7.6x 10'-' n ND ND 7.8x10"1  ND ND 900 2
458C 1.8xl0' 5  

n ND ND 1.6x101
" ND ND 800 2

473C 6.5 X lo1  p ND ND I xlOl3  ND ND 700 2
Backgroundlevel I xIO' I lx10

16  
5 X10

4  7X10" 9x101
2

" T is the cracking temperature of AsH 3 .
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cm -) and 5 nm undoped GaAs cap layers. In this grown from two different batches of AsH 3 . The

case, AsH3-2 was used for the GS-MBE growth. A incorporation of S into AsH 3 is related to reac-

typical 2DEG mobility at 77 K in a structure tions in the production of AsH 3. Low noise

obtained by conventional MBE was about 9 x 10' HEMTs obtained by GS-MBE using high-purity

cm 2/V- s with a sheet carrier concentration of AsH 3 were of high quality.
7 x 10l cm - 2. The value for structures obtained

by GS-MBE was 1.1 x 10' cm 2/V • s with the same

carrier concentration. Acknowledgements
Next, 0.25 psm gate length, low-noise HEMTs

were fabricated using AsH 3. The transconduc- The authors would like to thank I. Sakamoto,

tance g of these HEMTs was found to be about K. Shimoyama, M. Katoh, J. Saitoh and T. Okano
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Gas source molecular beam epitaxy growth of heterojunction bipolar
transistors containing 1 monolayer 8-Be

J.E. Cunningham
AT& T Bell Laboratories, Holmdel, New Jersey 07733. USA

T.Y. Kuo
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

A. Ourmazd, K. Goossen, W. Jan, F. Storz, F. Ren
AT&T Bell Laboratories. Holmdel, New Jersey 07733, USA

and

C.G. Fonstad
Massachusetts Institute of Technology. Cambridge. Massachusetts 02139, USA

We present results on AIGaAs/GaAs Heterostructure Bipolar Transistors containing a I monolayer a-Be doped sheet in a GaAs
base 100 A wide that is grown by gas source molecular beam epitaxy. Also, diffraction measurements performed on I monolayer S-Be
layers show the planar doping widths are 40 and 200 A for gas source and molecular beam epitaxial growth, respectively. Be diffusion
measurements versus varying anneal conditions are presented and shown to be consistent with a kick-out mechanism involving
interstitial Be.

I. Introduction in ultra thin bases of HBT as a 8-dopant owing to
significant dopant redistribution [41 and diffusion

The use of a widegap emitter in a heterostruc- [5] accompanying crystal growth. Although the
ture bipolar transistor [1], HBT, allows for ex- origin of the latter phenomenon remains incom-
tremely high base doping to improve high speed pletely understood, it is clear that planar out-dif-
device perfrmance. Also, the carrier transit time fusion becomes increasing severe as the Be con-
through the base of a HBT may be reduced in centration extends further beyond the doping
structures containing narrow 8-doped bases as was solubility limit.
successfully demonstrated at the 0.04 monolayer In this work we present results on AIGaAs/
(ML) 8-Be level by Malik et al. [2]. However, the GaAs HBT structures containing a sheet of 8-Be
Be planar densities employed in HBTs to date dopant up to I ML in a GaAs base 100 A wide
produce effective doping concentrations close to that are grown by GSMBE, gas source molecular
the homogeneous doping solubility limit [3]. Fur- beam epitaxy. We report diffraction measure-thermore, it becomes questionable whether Be, at ments from structures containing up to a 1 ML

the I ML (6 x 10 14 cm - 2) level, can be confined 6-Be concentration in GaAs that show the spread

0022-0248/91/$03.50 C 1991 - Elsevier Science Publishers B.V. (North-Holland)
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of planar dopants is below 40 and 200 A for 3. 8-Be diffusion
GSMBE and MBE growth methods, respectively.
The dependence of Be diffusion on anneal time, The present study aims at identifying the defect
temperature and 8-Be concentration are measured structure and attendant exchange mechanism that
and found compatible with a kick-out mechanism underlies Be diffusion when 8-doped into GaAs
involving a singely ionized interstitial donor. 1000 A below the :face. Key aspects of the

problem are interwoven in the way the doping
profile of 8-doped Be specimens broaden as the

2. Localization of 8-Be below the 0.02 ML level thermal, temporal conditions of the anneals vary
for a particular Be concentration. The width of the

Our investigation of the planar confinement of doping distribution was estimated from the
Be begins at 8 = 0.016 ML. where the doping FWHM of the CV profile. At a 8-Be concentra-
concentration just lies near the 3D homogeneous tion of 0.015 ML our measured CV FWHM and
doping solubility limit. We profile by capaci- corresponding annealing information is tabulated
tance-voltage (CV) techniques structures contain- in table 1. We determine the Be diffusion coeffi-
ing the above 8-Be sheet grown 1000 A below the cient, D, from our data by use of procedures
GaAs surface by GSMBE and examine the depen- described previously [7]. Thermal dependences of
dence of the CV profile FWHM on growth tem- D at the 0.015 ML level (solid circles) are plotted
perature. A IlI-V flux ratio less than 1: 2 was in fig. I and show an Arrhenius behavior with an
used. For comparison. measurements were per- activation energy, E., of 2.0 eV and an ordinate
formed on the identical structures grown by MBE intercept, Do, of I x 10- cm2/s. For comparison
using As 4 under similar growth conditions. The a slower B diffusivity is observed at the 0.008 ML
CV FWHM are 11 and 20 A for GSMBE growth level (solid square) and is fit with an Arrehenius
at 510 and 580°C. respectively. The CV FWHM expression in which E. = 1.7 eV and D, = 2 x
of I I A is the narrowest CV profile width ever 10-1 cm 2/s. The factor two increase in Be con-
measured in a semiconductor. On the other hand, centration results in a factor two/three increase in
the respective FWHM were 28 and 56 A for Be diffusivity. The Be diffusivity found here is
growth of the same 8-Be concentration by MBE at similiar to other measurements on 8-Be layers [7].
530 and 600°C. Clearly, our results reveal the The inset shows the dependence of the Be dif-
planar confinement of Be is a growth dependent fusion length, x,. on the anneal time, t, when the
phenomenon. We have examined in detail the anneal temperature is held fixed at 7000C. The
thermal broadening of the CV profile of S-Be data is fit by an expression x~at . The data

during growth and found it to be diffusion limited follow classical impurity diffusion where x 2 scales
in the GSMBE case where as surface segregation like 2Dt and D is time independent. Non-classical
is the principal broadening mechanism in the MBE
case [6]. For growth at 500°C the difference in
planar confinement of Be between growth meth- Table 1

Capacitance-voltage FWHM versus anneal temperature for
ods is as small as 20 A. however, this difference anneal time of 10 s
can become magnified as the 8-Be/GaAs system
moves to higher instability brought on by 8-Be Temperature(°C) FWHM (A)
concentrations that greatly exceed the solubility As-grown 16

limit. At present, the mechanism that drive surface 650 19
680 22segregation of Be during MBE growth and its 70 24

reduction by GSMBE are unknown. The latter 750 40
difficulty is in part caused by the behavior of Be 800 67
diffusion which both remains incompletely under- 850 130
stood to date and is an essential step in the surface 900 143

segregation process.
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10-13 1 1 , - to follow equilibrium classical behavior much like
6-Be DIFFUSION . 1x1013 cm- 2  what is observed in fig. 1. This is because the Ga

01 5 1012 cm- 2  interstitials are expected to possess lower migra-
10-14 - tion energies in comparison to Ga vacancy motion

processes. Be diffusion, when contiolled by inter-
stitials, can proceed by a kick-out mechanism.

6 10-15 One choice of the site exchange mechanism is,
YBea, Be acceptor on the Ga sublattice, combining

with I',, Ga interstial donor, to produce a Be.,
10-1 6 - interstitial Be ion, and an electron. Alternative

reaction paths have been suggested for Column 11
\diffusion on the Ga sublattice and differ with the

10-17 oSabove choice in either ionization charge state of a
1°2 constituent or the defect type [4,5.9]. The chemical

10-18 configuration considered here was chosen for
°- 10 qualitative reasons i.e. (i) defects that have low

migration energy and (ii) low charge states of

0 1constituents to minimize the concentration depen-10 10 
2  

1 0 
3

d e c o f D
t (secs) dence of D.

IL

9 10 11 12

1 x 10-4 K-1  4. Diffraction from 8-Be near I ML
f

Fig. 1. Be diffusion coefficient versus inverse temperature. In this section we examine localization of a-Be
Inset. Be diffusion length versus time. at high concentrations, when measured by high

resolution transmission electron microscopy. HR-

diffusion, i.e. D is time dependent. can also occur TEM. and high resolution X-ray diffraction. HR-
when thermodynamic equilibrium conditions have XRD. respectively. Diffraction techniques have
not been achieved in defect concentration at the distinct advantages over alternative methods (i.e.
dopant position during short anneal times. This is CV and SIMS) in that the ultimate width of the
because defects may be kinetically hindered from dopant distribution measured is not limited by the
reaching a dopant layer buried well below the intrinsic resolution of the technique but instead.
crystal surface owing to an inherently large migra- can be measured to distances smaller than a few
tion energy for the defect. The latter conditions A. In earlier work [10], Ourmazd et al. reported a
would indeed be expected for the case of a Ga HRTEM view of our 0.3 ML a-Be layer grown at
vacancy point defect and a-Be layers considered 500 0 C by GSMBE that showed spatially localized
here. This is because Ga vacancies diffuse slowly contrast at the S-Be position. The profile width of
from the crystal surface as reported previously by this chemically sensitive contrast was 15 A which
Chiang and Pearson [8]. and thus their concentra- indicates the degree of 8-Be confinement. N
tion would not achieve a thermodynamic equi- HRTEM plan view of the 8 plane further reveals
librium value at the 8-position over the anneal the contrast is not uniform but, instead, consists
time-temperature range explored here. The result- of clusters of d'ameter 12 A. We have also ex-
ing Be diffusion coefficient would be nonlinear amined 8-Be localization using HRXRD methods.
both temporally and kinetically and hence not In this approach a multiple array of 8-Be sheets at
follow the simple dependences depicted by the the 0.8 ML level are periodically grown in GaAs.
data shown in fig. 1. On the other hand, Ga They produce superlattice diffraction characteris-
interstitials may rapidly diffuse from the crystal tics around the (400) Bragg reflection as shown in
surface well into the bulk and cause Be diffusion fig. 2. The measurements were obtained using
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Fig. 2. X-ray diffraction from 0.9 ML 8-Be superlattice grown by GSMBE (top) and MBE (bottom).

Cu Ka incident radiation and the diffractometer [11]. The base and emitter components of the
operated in double crystal diffraction geometry. structure were grown at 500 C. A description of
The diffraction traces in fig. 2 correspond to the selective contacting, processing and device planar-
above structure grown by GSMBE and conven- ization has been reported elsewhere by Goossen et
tional MBE in which the growth temperatures al. [12] and Kuo et al. [13].
were 470 and 450 'C, the III/V ratios were 1: 5 We have explored device characteristics of this
and 1 : 10 and the period lengths were 750 and structure on the concentration of 8-Be doping in
1200 A, respectively. It is clear that the higher the base as it varies from 0.09 to 0.9 ML. The
order satellites are much more distinct in the effect of changing the base width from 50 to 200
GSMBE grown structure and thus indicate im- A at the 0.33 ML level is also examined. Evalua-
proved characteristics for 8-Be planar confine- tion of device transport on the above dependences
ment. We will show elsewhere that the spatial provides information on growth abnormalities
confinement of the Be is localized to 34 and 200 A such as Be redistribution into the emitter and trap
for GSMBE and MBE layers, respectively, formation. In fig. 3a we present a Gummel plot of

the emitter-base junction, EB, and corresponding
collector response for the 0.3 ML device at a 200

5. 8-Be HBT A base layer width. From an I- V of the base-col-
lector (BC) junction, not shown, the diode ideality

Growth of HBT structures by GSMBE meth- factor, n, is 1.08 and is a general feature of the BC
ods consists of a 5000 A collector layer Si doped diode quality found in all the structures listed
to 5 x 1016 cm-3 on a n-type substrate then fol- above. The EB junction also appeared prefectly
lowed by a 8-Be concentration near 1 ML in ideal (i.e., n = 1.0 to 1.2) for driving currents
GaAs base of 50-200 A thickness. The emitter above 100 jtA. Hence, nearly perfect diffusive
component consists of a 1000 A layer of graded transport from injector to the base occurred in our
AIGaAs (x = 0.3 to 0.0) Si doped to 5 X 1017 devices under typical HBT operation.
cm- 3. then followed by Si 8-doped GaAs and At lower currents, the Gummel plots of the EB
epitaxial Al metal for non-alloyed ohmic contact junction re',eals components in the diode I-V
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having ideality in the range 1.7-1.9. The contribu- conductance. The gain falls to 5 for a 50 A base
tion of the higher order ideality components to the width because of hole back injection into the
I-V relation varys considerably with the 8-Be emitter. The dependence of the gain on 8-Be con-
concentration. At the 0.08 and 0.9 8-Be levels, the centration is strong but remarkable systematic.
n * 1 components become visible below the 100 Our preliminary measurements give gain versus
nA and 1tA level, respectively. This strong 8-Be 8-Be concentration as 250:0.08, 30:0.16, 10:03
dependence of the n * 1 components in the EB and 0.1 : 0.9 ML. The strong gain reduction in the
diode I- V characteristic, and also their low tern- device at higher 8-Be concentration is indicative of
perature characteristics, are indicative of tunneling limitations comprising higher order p-type depen-
assisted transport processes in the AlGaAs emitter dences such as Auger processes [15] or hole back
much like those found in homogeneously doped injection [16]. At present there is no consensus
heterojunction diodes reported previously by view of the dominance of either process to the
Chand et al. [14]. Tunneling assisted processes at gain limitation in HBTs nor is there sufficient
the low current level in the EB junction could space to further discuss our results on this im-
arise from traps formed in the AIGaAs owing to portant matter.
the low growth temperature employed to localize At 77 K the 0.3 ML device has a current gain
Be. Nevertheless, our devices work as excellent of 100 and sheet base resistance of 150 2/0.
HBTs at temperatures as low 2 K and hence the Thus, the 8-Be HBT device appears well suited for
number of traps is insufficient to affect the device high frequency applications.
performance under typical operation.

An example of the output performance of an
HBT containing 8-Be at the 0.3 level is shown in
fig. 3b. The current gain is 10. It is uniform versus In summary, HBTs have been grown by
collector current and the device has low output GSMBE methods in which B-Be concentrations up

Ic = 10mA/DIV

IC (A) 1B (A)

S I I I I I I a
<

1 E-01 -I E-01 Mr

0

decade decade
idiv /div

IE-09 I 1E-09
.0000 vB 2000/div (V) 2.000 B = 1 mA/DIV

Fig. 3. (a) The Gummel plot of 0. ML S-Be HBT (50 ,m diameter emitter). (b) Output characteristics of 8-doped base HBT (50 Jim
diameter emitter).
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Abruptness of GaAs/A1nP hetero-interfaces grown by GS-MBE

S. Nagao, M. Takashima, Y. Inoue, M. Katoh and H. Gotoh
Thin Films Laboratory, Research Center, Mitsubishi Kaset Corp., 1000 Higashimamiana, Ushiku, lbaraki 300-12 Japan

The effect of the exposure of GaAs and AllnP surfaces to phosphorus and arsenic beams were studied using HR-TEM, RHEED,
XPS, AES, and Raman scattering. The GaAs surface was found to be fairly reactive with respect to the phosphorus beam. The
exposure of GaAs to a phosphorus beam for 60 s caused a surface roughness of at least 20 A, caused by the formation of a GaP-rich
island. However, a flat surface of AIInP was found to be structurally stable with respect to the arsenic beam. The arsenic beam was
found to induce a replacement of a few percent of P atoms by As atoms in an AIInP surface layer. An atomically flat AllnP-on-GaAs
interface was obtained by a sequence in which the GaAs surface was not exposed to a P beam.

Recently, AIGaInP lattice matched to GaAs cations to heterostructure devices such as hetero-
has been widely studied as a material for visible structure bipolar transistor (HBT) [1] and compli-
lasers grown by metalorganic vapor phase epitaxy mentary high-electron-mobility transistor (HEMT)
(MOVPE) or by molecular beam epitaxy (MBE). devices. It is important to understand and control
However, the properties of interfaces between Al- the properties of hetero-interfaces.
GalnP and As-based materials, such as GaAs, are We have already reported that AlInP/GaAs
not well known. The valence band offset for an single quantum wells (SQWs) grown by gas source
AIGaInP/GaAs interface is known to be larger MBE (GS-MBE) have a high quality 13]. However,
than that for an AIGaAs/GaAs interface [1,2]. the abruptness of AlInP/GaAs interfaces strongly
Therefore, a hetero-interface between AIGaInP depends on the sequence in which molecular beams
and GaAs is considered to be attractive for appli- are switched. Growth interruptions are indis-

Fig. 1. (110) HR-TEM hm of the Oa.As/AlInP quantum well grown on GaAs (001) by sequence A. Marker represents 100 A.

0022-0248/91/$03.50 0 1991 - Elsevier Science Publishers B.V. (North-Holland)
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Fig. 2. Switching sequences of shutters and valves for source
materials in the growth of AlInP/GaAs hetero-interfaces. In
sequence A, GaAs and AJInP surfaces were exposed to a P
beam and an As beam, respectively, during the growth inter-
ruptions of 60 s prior to the interface formation. In sequence
B. GaAs surfaces were not exposed to the P beam during the

growth interruptions.

pensable for the switching of group-V beams to
form hetero-interfaces. Reactions between crystal 7.
surfaces and group-V beams must occur during

these growth interruptions [4]. In this paper, we

report on the effect of the exposure of GaAs and
AlInP surfaces to phosphorus and arsenic beams.

AlInP/GaAs SQWs were grown on GaAs (001)
at 540 0 C by GS-MBE, with various sequences of
beam switches during the interface growth. Details
of the growth procedure have been published
elsewhere [3]. The structural properties of the re-
sultant interfaces were observed by high resolution
transmission electron microscopy (HR-TEM),
using a Hitachi H-9000 UHR which was operated
at an accelerating voltage of 300 kV. Fig. 1 shows
a (110) HR-TEM lattice image of an AlInP/GaAs
quantum well grown with the sequence of beam
switches shown in fig. 2 (sequence A). In this

Fig. 3. RHEED patterns from GaAs (001) along (1101 azimuth
(a) before and (b)-(d) after exposition to a P beam for 60 s at
different surface temperatures: (b) T,-590*C; (c) T-
540*C; (d) T,-490*C. The P beam was produced from
decomposed PH, at 900 C. The dominant species of the P
beam were monomer P and dimer P2. The total flux was about

I x0- 2 Pa.
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sequence, group-V beams were switched at the
same time that group-Ill beams were shut off. GaP
Then, after a pause of 60 s, additional growth was
resumed by opening the appropriate group-Ill Ts=590"C
shutters. The resultant GaAs-on-AlInP interface
was seen to be atomically flat, while the resultant
AlInP-on-GaAs interface had a roughness of at e GOP
least 20 A, with slight lattice deformation. -

Next, the effect of group-V beams on the sur- T\/\

faces of GaAs and AlfnP was studied using re- S=540C

flection high energy electron diffraction (RHEED), A 
X-ray photoelectron spectroscopy (XPS), Auger
electron spectroscopy (AES), and Raman spec- - GoP
troscopy. GaAs samples were exposed for 60 s to . ,s\,,._
the beam from decomposed PH 3 at 900 *C (with a
total flux was about I X 10-' Pa) in the MBE . . ...

system. The surface temperature was varried from 130 128
490 to 590 °C. The dominant species of the phos- Binding Energy (eV)phorus beams were P and P2. idn nry(V

Fig. 3 shows RHEED patterns obtained from Fig. 4. XPS signals of P2p of the GaAs surfaces exposed to a Pbeam for 60 s. at different surface temperatures T. The ob-
GaAs before and after exposure to the phosphorus served signals (-) consist of two components ( -. ).
beam. The initial GaAs surface exhibited a 2 x 4 corresponding to chemical shifts caused by amorphous P and
pattern with strong spots on the Laue ring during Ga-P bonding, respectively.
the exposition to an As beam, indicating that the
surface was atomically flat. The RHEED patterns
became spotty after exposure to the phosphorus
beam. With the higher substrate temperatures, the atoms in amorphous form. Amorphous P was
RHEED patterns became more spotty and dif- found to have condensed into surface defects on
fused. the basis of AES and micro-Raman scattering

XPS, AES, and Raman scattering measure- data. These defects were presumably related to
merts were also carried out on these GaAs sam- dislocations. The intensity of the signal which was
ples. XPS and AES analyses showed that the attributed to P atoms forming GaP bonds in-
exposure of GaAs to the P beam resulted in a creased as the substrate temperature rose. The
remarkably P-rich, As-poor layer at the surface. GaAs surface and P beam reacted more vigorously
The ratios of the numbers of P atoms to As atoms at the higher substrate temperatures. This result is
(P/As), averaged over a 20 A depth from the consistent with Raman scattering data.
surface, were estimated to be 0.54 (T, = 4900 C), We cannot explain this phenomenon as a sim-
1.1 (T- 550°C) and 1.4 (T, = 5900 C), respec- pie process consisting of As atoms evaporating
tively, from the results of XPS. Using AES, the from the GaAs surface and subsequently P atoms
thickness of the P-rich, and As-poor layer was being adsorbed by the surface. Unidentified strong,
evaluated to be about 20 to 30 A, and it became fast chemical reactions seem to proceed between
thicker with increasing substrate temperature. the GaAs surface and the P beam. This surface

Fig. 4 shows the XPS signals of P2p of GaAs reaction is considered to be due to a large binding
surfaces exposed to P beams. The signals contain energy of GaP in comparison with that of GaAs.
two components attributed to different bonding The surface roughness of GaAs exposed to P
configurations. The lower energy peaks corre- beam can presumably be explained by the forma-
spond to chemical shifts caused by Ga-P bond- tion of islands to reduce misfit strain of the GaP
ing, while the higher peaks are possibly due to P rich layer.
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Fig. 5. ( 10> HR-TEM image of the GaAs/AIInP quantum well grown on GaAs (001) by sequence B. Marker represents 100 A.

The exposure of AIInP to an As beam resulted beam. However, the substitution of a few percent
in no appreciable change in the streak RHEED of P atoms into As atoms occurs in a few mono-
pattern, with strong spots on the Laue ring being layers of an AIInP surface exposed to an As beam.
observed during the exposition to the P beam. A The roughness of the AlInP-on-GaAs interface
few percent of excess As atoms were found from was suppressed by a growth sequence that avoided
AES analysis to be in a few monolayers of the the exposure of the GaAs surface to the P beam.
AllnP surface exposed to the As beam.

Fig. 5 shows a (110) HR-TEM lattice image of
an AlInP/GaAs quantum well grown in sequence
B shown in fig. 2. In this sequence, the GaAs The authors would like to thank Dr. T.
surfaces were not exposed to the P beam during Nakamura, N. Ishikawa and Y. Abe for XPS and
the growth interruptions. This sequence cured the AES measurements, Dr. M. Yano for Raman mea-
roughness caused by the reaction between the surements and Y. Higuchi for assistance in MBE
GaAs surface and the P beam, resulting in an sample growth. They also thank I. Sakamoto, K.
atomically flat AlInP-on-GaAs interface with a Shimoyama, J. Saitoh and T. Okano for helpful
fluctuation of 1 or 2 monolayers, as well as a discussions and continuous encouragement.
GaAs-on-AlInP interface. We also checked the
fact that a heterostructure with insufficient growth
interruptions at the interface from AilInP to GaAs
had a roughened interface. An ordered AIInP
structure was not observed in the samples we References
prepared.

In conclusion, we have studied the abruptness [I] H. Kroemer, J. Vicuum Sci. Technol. BI (1983) 126.
of AIInP/GaAs interfaces for different sequences [21 M.O. Watanabe and Y. Ohba, Appl. Phys. Letters 50
during GS-MBE growth. We found that a vigor- (1987) 906.
ous reaction takes place between a GaAs surface [31 S. Nagao, Y. Inoue. M. Katoh, K. Shimoyama and H.

and a P beam, resulting in an interface roughness Gotoh, J. Crystal Growth 95 (1989) 163.
attributed to the formation of GaP-rich islands on [41 M. Yano, H. Yokose. A. Kawaguchi, R. Hagiwara, Y. lwai

the GaAs surface. A flat AIInP surface was found and M. Inoue, J. Crystal Growth, to he published.

to be structurally stable with respect to an As
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Improved InGaP/GaAs heterointerfaces during gas-source
MBE growth

H.Y. Lee, M.J. Hafich, G.Y. Robinson
Center for Optoelectronic Computing Systems and Department of Electrical Engineering, Colorado State University, Fort Collins,
Colorado 80523. USA

K. Mahalingam and N. Otsuka
School of Materials Engineering, Purdue Universi,. West Lafayette, Indiana 47907, USA

The conditions for obtaining lnGaP/GaAs heterointerfaces which are laterally uniform and atomically abrupt when grown by
gas-source MBE are reported. Using in-situ reflection high-energy electron diffraction, double crystal X-ray diffraction, and
transmission electron microscopy, the effects of a growth pause on the interfacial structure and composition of lattice-matched
lnGaP/GaAs multiple quantum well structures were studied. It was found that by providing sufficient time for annealing of the
growth surface, interfacial regions which correspond to an intrinsic strain model of ideal InGaP/GaAs heteroepitaxial interfaces
could be obtained.

I. Introduction beams to a minimum, laterally uniform, atomi-

cally abrupt interfaces can be obtained.

MBE growth of ln 04 8Ga 0.52P/GaAs quan-
tum-well structures requires switching of the ar-
senic and phosphorous molecular beams at each 2. Experimental
heterointerface. We have recently reported that
the switching of the group-V molecular beams can MQW samples were grown on (100) GaAs sub-
produce compositional intermixing and localized strates at approximately 530 0 C (which was found
strain at the InGaP/GaAs heterointerfaces [1]. to be 90 * C below GaAs oxide desorption temper-
We report here the conditions for obtaining In- ature) using conventional Ga and In MBE effu-
GaP/ GaAs interfaces which are atomically sion cells and As 2 and P2 molecular beams pro-
abrupt, in structure and composition, when grown duced by thermal decomposition of AsH 3 and
by gas-source MBE. Reflection high energy elec- PH 3, respectively, in a single low-pressure crack-
tron diffraction (RHEED), double crystal X-ray ing oven held at 900 *C [2). All InGaP layers were
diffraction (DCXR), and transmission electron grown at a rate of 1.0 pm/h and PH 3 flow rate of
microscopy (TEM) were used to study the effects 8 SCCM. All GaAs layers were grown at 0.5
of a growth pause on the interfacial abruptness tm/h and AsH 3 flow rate of 4 SCCM. For pur-
and composition during MBE growth of lattice- poses of this study the growth pause at each
matched InGaP/GaAs multiple quantum well interface was divided into two time periods: the
(MQW) structures. It was found that by allowing interval (denoted by t,) after stopping growth by
the interface to anneal before switching and by closing the group-Ill shutters but before switching
keeping the time after switching the As and P the group-V beams, and the interval (12) after

0022-0248/91/$03.50 0 1991 - Elsevier Science Publishers B.V. (North-Holland)
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switching the group-V beams but before recom- (4oo) t1 =90 s

mencing growth. In a previous report [1], we C.K, clA nGoP t2 =1 s
showed that during the interval t2 , significant
compositional intermixing occurs at the interfaces
if t2 > 6 s. For this report we have kept t2 = I s to -1 +1
m inim ize interm ixing and exam ined the effects of (a) Exp. n P

changing only t. -3
Each sample consisted of a 1 m InGaP buffer -+3 +

layer, followed by a 20-period MQW region of
lnGaP( - 240 A)/GaAs(- 95 A), capped off with C0.25 pm of InGaP. The InGaP/GaAs MQWs r in.472 Ga525 P 2400A

were examined by computer controlled DCXR _7
diffractometer using Cu Ka t radiation and the n4 7 2 6a. 5 2 8As sP5 2.9 A

(400) reflection. Computer simulations using the GaAs 954 A

analytical Takagi-Taupin equations of dynamical (b) Theory GaAss P5  .7 A

X-ray scattering theory were performed for struct-
ural analysis of the MQWs [3]. TEM was per-
formed with a JEM 2000EX microscope operated
at 200 kV. -6000 -3000 0 3000 6000

Angle (arc sec)
Fig. 1. DCXR diffraction spectra for lnGaP/GaAs MQW
beterostructures. (a) Experimental data for tj = 90 s and . =1

3. Results and discussion s. The MQW period is 341 ± 7 A. (b) Simulated spectrum
using the model shown in the insert for one period of the

For the substrate temperature used, a (2 X 1) MQW region.
RHEED reconstruction pattern was observed dur-
ing growth of both the GaAs and InGaP layers.
During the growth pause, the two-fold patterns on respectively. The FWHM averaged over the four
the GaAs surface became sharper with increasing strongest satellite peaks was 51 arc sec for t1 = 1 2,
t,. with the first-order Laue ring appearing at 30 arc sec for t = 7 s. and 26 arc sec for t 1 = 90 s.
t' - 10 s. No noticeable change in RHEED pat- For DCXR diffraction of MQW structures, nar-
tern on the InGaP surface was observed for t, row satellite peaks are an indication of strong
tasting up to 90 s. unlike our earlier observations periodicity, a high degree of lateral uniformity,
during interval t 2 where the RHEED pattern be- and well-defined interfaces. Thus, the observed
came diffuse and eventually spotty [1]. change in the satellite peaks implies the interface

The interface quality and layer thickness of the quality improved as tt was increased.
lnGaP/GaAs MQW samples of [0111 and [001] For comparison, the simulated DCXR spec-
cross-sections were determined by TEM. Layer trum in fig. lb was obtained using the four-layer
thicknesses agreed with DCXR data and high model shown for each period of the MQW stack
resolution TEM lattice images showed coherent in the insert. In the model, each interfacial region
MQWs with uniform layer thicknesses and hetero- consists of a layer differing in composition from
interfacial regions of 1-3 biatomic layers in thick- that of the InGaP barrier layer or the GaAs well
ness. layer. Here the thicknesses and composition of the

The measured X-ray spectra for a sample with interfacial regions were based on the intrinsic
-- 90 s, shown in fig. Ia, exhibits a large number strain model of Vandenberg et al. [41, where the

of intense, well-defined satellite peaks. The full switching of the As and P beams at alternating
width at hall maximum (FWHM) of the peaks for interfaces during growth produces asymmetrical
the InGaP cap layer, the GaAs substrate, and the ordering of the atomic layers. The strained interfa-
MQW for n -0 were 28, 19, and 35 arc sec, cial regions arise because of the differences in
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W(Go) b30soP) barrier, and interfacial layers [1,2]. Small varia-
n'=O bwnP) tions in the well and barrier thicknesses from

sample to sample can not explain such a large

= t- 1-s shift in the n =0 peak. Since the angular sep-
b aration between the w and b peaks in fig. 2 does

not change with t, the strain produced by the
otl7s mismatch of the well and barrier layers is not

nO changing with t. Thus, the interfacial layers must
be responsible for the observed shift. Further-
more, since the n = 0 peak is shifting towards the

W t 1 =90s n = 0 position calculated from the model, it can be

n=0 b concluded that the heterointerfaces become more
T ideal as t I increases.

Theory

0 t0o 200 300 4. Conclusions
Angle (arc sec)

Fig. 2. Experimental DCXR diffraction spectra for tj = 1. 7, In summary, the effect of varying the time tj ,
and 90 s, and calculated spectrum using an intrinsic strain

model, in the expanded region near the n - 0 MQW peak. the interval during the growth pause before
switching the group-V molecular beams, on the
quality of InGaP/GaAs interfaces grown by gas-
source MBE has been investigated. To minimize

atomic bond length between As and P [4]. We intermixing of the As and P at the interfaces, theatomc bnd lngt beweenAs nd P[4] We time t2 after switching the group-V molecular
assume here that the intrinsic strain model repre- beams was kept small. It was found that longer

sents ideal InGaP/GaAs interfaces. The alloy values of t produced laterally uniform, atomi-
composition In0.472Ga0.128P was determined from vauso tpdceltrlyunfmtmi

cally abrupt interfaces, as evidenced by narrow
the separation of the InGaP and GaAs peaks. The DCXR satellite peak widths and high resolution
overall experimental spectrum for t1 = 90 s is seen TEM images. Furthermore, it was shown that by
to match reasonably well the simulated spectrum increasing tj interfacial regions which correspond
based on the intrinsic strain model,.nraigt nefcalrgoswihcrepnbysd onhexinrin ic eftin o l vto an intrinsic strain model of ideal InGaP/GaAsBy examining the effect of varying t, on the hfte-oepitaxial interfaces could be obtained.
position of the n = 0 DCXR peak, additional in-
formation about the interfaces can be obtained.
Fig. 2 shows the measured DCXR spectra for
three different samples with t, = 1, 7, and 90 s Acknowledgements
along with the simulated spectrum from the intrin-
sic strain model. The experimental DCXR spectra
were carefully measured at a location in each The authors gratefully acknowledge the support
sample with the same alloy composition, as shown of the GE Electronics Laboratory and the Center
by identical separations of the GaAs (w) and for Optoelectronic Computing Systems, sponsored
In0.472Ga0 .5 23 P (b) peaks. With increasing t, the by the National Science Foundation ERC grant
measured n- 0 peak is observed to shift toward CDR 86-22236 and by the Colorado Advanced
the position of the n - 0 peak of the theoretical Technology Institute, an agency of the State of
spectra. The n - 0 angular position represents the Colorado, and the support at Purdue University of
average strain present in the MQWs and is a National Science Foundation grant DMR-85-
function of the strain and thicknesses of the well, 20866.
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A review of CBE, MOMBE and GSMBE

W.T. Tsang
AT&T Bell Laboratories, Murray Hill, New Jersey 07974, USA

This paper reviews briefly the recent progress in 11-V compound semiconductor epilayer and heterostructure preparations by the
three different approaches: chemical beam epitaxy (CBE, employing both vapor group III and group V sources), metalorganic
molecular beam epitaxy (MOMBE, employing vapor group III and solid group V sources), and gas source molecular beam epitaxy

(GSMBE, employing solid group Ill and vapor group V sources). The results obtained so far clearly demonstrated that high quality
InGaAsP/lnP materials and heterostructures suitable for state-of-the-art device applications can be routinely prepared by CBE. With
new metalorganic aluminum compounds becoming available, high quality GaAs/AIGaAs with low residual carbon background also

has successfully been prepared recently. GaAs/AIGaAs modulation doped field-effect transistors prepared by CBE have similar
device performance as those prepared by molecular beam epitaxy. Recently, there is also a great interest in using CBE for the

preparation of Si, SiGe, and l-Vl compound semiconductor layers.

I. Introduction the Journal of Crystal Growth containing papers
in this area can be found in Vol. 105, Nos. 1-4,

Within the past few years the progress in chem- October 1990.
ical beam epitaxy (CBE) has been tremendous [1]. To date, the commonly recognized definitions
At present, almost every major electronics labora- of the various techniques are:
tory has a research and development effort in Chemical beam epitaxy (CBE) is taken to employ
CBE or related growth process. The results ob- both vapor group III and group V starting sources.
tained so far clearly demonstrated that high qual- Metalorganic MBE (MOMBE) employs vapor
ity lnGaAsP/InP materials and heterostructures group III and elemental group V sources.
suitable for state-of-the-art device applications can Gas source MBE (GSMBE) employs elemental
be routinely prepared by CBE. With new meta- group III and vapor group V sources.
lorganic aluminum compounds becoming availa- These techniques are bridging the gap between
ble. high quality GaAs/AIGaAs with low residual the now established techniques of molecular beam
carbon background also has successfully been pre- epitaxy and metalorganic vapor phase epitaxy
pared recently. GaAs/AIGaAs modulation doped (MOVPE). The increasing use of new metalor-
field-effect transistors prepared by CBE have simi- ganic starting sources and the reduction in reactor
lar device performance as those prepared by pressure are major factors in the novel effects and
molecular beam epitaxy (MBE). advantages that are beginning to become apparent

Here, some of the important recent research from these crystal growth methods. In particular,
results will be reviewed briefly. Due to the short the combination of the versatility of MOVPE to-
interval between this conference review and the gether with the molecular beam properties of MBE
one at the Workshop on MOMBE, CBE, GSMBE, was seen to be a powerful tool for both the crystal
and Related Techniques, Aachen, Germany, in growers and the device designers.
June 1990, the content of this review is similar to Important and rapid progress has been made in
that presented at the Workshop. A special issue of several areas: (1) system designs, (2) understand-

0022-0248/91/$03.50 1 1991 - Elsevier Science Publishers B.V. (North-Holland)
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ing of growth kinetics, (3) preparation of high- 3. MOMBE
quality compound semiconductor materials and
heterostructures, (4) electronic and photonic de- For MOMBE, the advantage lies in safety. This
vice applications, (5) silicon epitaxial growth, (6) is very suitable for investigating the growth mech-
new vapor sources, (7) photon and electron as- anisms using metalorganic sources. Two major
sisted growths, and (8) atomic layer epitaxy. In surface diagnostic techniques commonly used in
particular, the use of metalorganic compounds has these experiments are the reflection high energy
stimulated a very active and fruitful research into electron diffraction (RHEED) intensity oscilla-
growth mechanisms. This will also undoubtedly tions and modulated beam mass spectrometry
lead to a greater ui.derstanding of the two parent (MBMS). The RHEED intensity oscillation mea-
technologies, MBE and MOVPE. The commercial surements were first employed by Tsang et al. [71
success of these new technologies, in terms of to study the dependence of growth rates on sub-
simpler and more efficient equipment, was always strate temperatures and flow rates during CBE.
in evidence. Robertson et al. [8] of the same laboratories subse-

quently devised a model to explain the observed
results. Martin and Whitehouse [91 using MBMS

2. GSMBE confirmed several areas of the model particularly
relating to the dominant role of diethylgallium
(DEGa) in the GaAs growth process and its sub-

For GSMBE, Lambert et al. [2] reported the sequent desorption in the higher substrate temper-
growth of high purity InP having 77 K mobilities ature regime. Further, their results also support
as high as 112,000 cm 2/V • s with residual carrier the assumption that the desorption reactions of
concentrations of 2 x 1014 cm -3 . 4.2 K photo- monoethylgallium (MEGa) do not play a major
luminescence spectra are dominated by free-exci- role in the growth process. Fig. 1 shows the de-
ton and neutral donor-exciton transitions. Gold- sorption of DEGa, MEGa and Ga ions flux as a
stein [3] also reported the preparation of high function of substrate temperature. Data are cor-
performance lnGaAsP/InP optical devices, i.e., rected for TEGa cracking-pattern due to the mass
simiconductor amplifier and multiquantum well spectrometer. Another important experiment car-
distributed feedback (MQW-DFB) lasers. MQW- ried out by them is to study the competing surface
DFB base wafers have performance similar to reactions between TEGa and triethylindium, TEIn
those prepared by MOVPE. Davies et al. [4] re- in an effort to try to shed some light on the
ported results that state-of-the-art quantum con- anomalous changes in alloy growth and composi-
fined stark effect 4 x 4 arrays of modulators can tion observed in InGaAs CBE growth. They ob-
be prepared by GSMBE. In order to further im- served that with the presence of incident TEIn
prove the characteristics of the modulators, they flux, DEGa desorption is substantially enhanced
developed the double sided epitaxy, where matched and hence reduced the Ga uptake in growing
pairs of MQWs were grown on both sides of the InGaAs during CBE or MOMBE. This effect be-
same InP wafer. This enables devices on either comes serious at high temperatures. limura et al.
side of the wafer to be optically coupled through [10] also reported the observation of surface segre-
the transparent substrate, but individually addre- gation of indium during CBE growth of InGaAs.
ssed. Nakajima et al. [51 reported the electrical,
optical and structural properties of GSMBE grown
Al,,ln0 5P and Ga 0 5In 0.P epilayers for visible 4. CBE
laser applications. Kishino et al. [6] recently suc-
ceeded the preparation of GaInP/AIInP lasers An extensive review on the progress in CBE is
using a multiple quantum barrier. They obtained given by Tsang in ref. [1]. Very high quality epi-
threshold current density as low as 840 A/cm 2  layers of InGaAs, InP, INGaAsP were reported.
operating at 660 nm. InGaAs lattice-matched to lnP was reproducibly
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grown by several laboratories having the (004)DEaion *

106 DEG X-ray Bragg reflection linewidth as narrow as 17
Ga arc sec for - 2 Am thick layers. Such extreme

composition uniformity was also supported by
--, o results from Auger depth profiles and 2 K photo-

o 8 luminescence (PL) measurements. Very intense ef-

tions with linewidths (FWHM) as narrow as 1.2
0"" meV were obtained. This represents the narrowest

A Iinewidth ever reported for GalnAs grown. Hall10
s  

io r
-L 0 measurements of 2-5 Am thick epilayers grown on

InP substrates have mobilities of 10.000-12,000

z o and 40,000-67,000 cm2/V s at 300 and 77 K with
i\n 0 n in the range of 5 X 1014-5 X 10l cm - 3, as sum-
0 marized in fig. 2. Though these results were ob-

\n tained in 1986 by Tsang, they still represent the
III I best results thus far. Much work has also beenI I done on the growth of InP by CBE. Benchimol et

104 .,. al. [111, Heinecke et al. [121 and Rudra et al. [131
0 100 200 300 400 500 600 700 have prepared InP epilayers with background im-

SUBSTRATE TEMPERATURE ['C purities as low as 2 x 1014 cm- 3 and 77 K mobili-
ties as high as 1.54 x 105 cm2/V -s. Low-tempera-

Fig. 1. Desorbing DEGa. MEGa. and Ga ion signed flux as a
function of ubstrate temperature as measured by modulated ture PL reveals excitonic peaks (D , X)n with n
beam mass spectrometry. Data corrected for TEGa cracking- up to 6. Excitonic linewidths as narrow as 0.08

pattern contribution. After ref. [8].
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Fig. 2. 77 K Hall mobility versus background net electron concentration for closely lattice-matched lnGaAs epilayers without
two-dimensional electron gas effect. After ref. [I1.
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Fig. 3. Hall mobility as a function of free carrier concentration in Si-doped GaAs at 300 K (a) and 77 K (b). Experimental data for

GSMBE grown using AsH3+TEGa (0), AsH3+Ga (c)), and MBE grown using As 4 +Ga (is). The solid lines in (b) are Hall

mobilities calculated for different compensation ratios N/N . The solid line in (a) is calculated using Hilsum's empirical formula.
After ref. [141..

meV were obtained. Such results are similar to epilayers were also prepared by CBE using tri-
those obtained by low-pressure MOVPE InP. methylamine alane (TMAAI) [17]. Fig. 4 shows the

Ga In1 _As, Pl-, epilayers closely lattice- carbon concentration versus AlAs mole fraction of
matched, Aa/a - < 5 x 10 - 4 , have been repro- AIGaAs grown from TEGa and either TEAl or
ducibly grown over the whole range of composi- TMAAI. In fig. 5 the carbon concentration versus
tions (y = 2.2x. I > Y > 0). Very intense efficient
luminescence peaks due to excitonic transitions 102o

with linewidths (FWHM) as narrow as 3 meVwere obtained [2]. Such a linewidth corresponded 
* TEGOa•TEGo + TEA4

closely to the intrinsic linewidth due to alloy TEGo + TMAA

scattering in GalnAsP alloys, E o
Houng [141 and Chiu et al. [15] reported GaAs E

epilayers with 2 x 1014 cm - 3 and 300 K mobility z

of 490-518 cm/V s. Intentional Si doping of 2

GaAs epilayers using an elemental Si source, a:
I_yielded controlled carrier concentrations from 7 x z 10

10'4 to 8 x 10Is cm 3 with 77 K mobilities from
62.700 to 2500 cm 2/V - s, as shown in figs. 3a and °
3b for 300 and 77 K results, respectively [14]. z0
Residual carbon incorporation was reduced in Al-
GaAs by &owing at 560'C and using triiso- U
butylalurninum such that 77 K two-dimensional
electron gas mobilities as high as 88.600 cm 2/V S
were obtained [16]. The Al0.2. Gao.77As spacer layer
is 150 A. The resulting 77 K sheet concentration is 0 020 040 060
5.6 x 10" cm- 2. Such value is similar to those AlAs MOLE FRACTION

obtained by MBE. In this case, for sheet con- Fig. 4. The carbon concentration versus AlAs mole fraction of
centration of 4.6 X 10l I cm-2, the 77 K mobility is AIGaAs grown from TEGa and either TEAl or TMAAI. After
93.400 cm 2/V • s. Recently, high quality A1GaAs ref. [171.
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1021 luride (DETe, Te(C2H 5 ) 2) and tetraethyltin
(TESn, Sn(C 2H5 )4 ) as n-type dopants, biscyclo-
penta-dienylmagnesium (Cp2Mg, Mg(CH5)2), di-
ethylzinc (DEZn, Zn(C2H5 ) 2) and diethylberyl-
lium (DEBe, Be(C2 H 5 ) 2 ) as p-type dopants. Tri-

a°2° methylgallium (TMGa, Ga(CH 3) 3), trimethylar-
senic (TMAs, As(CH3 )3 ) and acetylene (C2H 2 ) as
carbon dopant in GaAs.

E Carbon is becoming a very important p-type

Z 019 dopant in GaAs. Its incorporation is particularly
2- convenient in CBE and MOMBE growth. It can

be incorporated by simply using some TMGa flow
z and adjusting the growth conditions properly dur-
z ing growth of GaAs using TEGa. Konagai and
0 1o1 co-workers [19] reported that carbon concentra-

- tion up to 1021 cm 3 have been obtained and they
are electrically active. It is also confirmed that C

0 does not segregate or diffuse [201. This is demon-

17 strated by the 8-doped structure shown in fig. 6.
The doping spike of 7 x 1019 cm-3, as measured

o TEGo TMGa
* TEGa + TEA1 - TMGo+ TEA1 by Polaron profiling, has a full-width at half-maxi-
9 TEGo + TMAAI TMGo + TMAA1 mum of - 50 A. This is very important for device

applications, especially for bipolar transistors
101 where high doping and sharp profiles are required.

500 550 600 InP epilayers having high resistivities (> 107 12
SUBSTRATE TEMPERATURE (*C) cm) were reported by Tsang et al. [21] over a wide

Fig. 5. The carbon concentration versus growth temperature
for GaAs and AIGaAs using different combinations of metal-

organic sources. After ref. [17]. 102
O

growth temperature for GaAs and AIGaAs is
shown for different source combinations.

Excellent results continue to be reported on
InGaAs/lnP quantum wells and superlattices. 1019:

Significant improvement was also obtained from
GaAs/AIGaAs quantum wells.

E

C'

5. Doping s s eCies lots

Impurity doping from vapor sources is more
advantageous over solid sources in CBE. Weyers

and co-workers [181 have carried out a rather
extensive study surveying the suitability of various
vapor sources as n- and p-type dopants in GaAs 0.5 1.0 '15

and InP. The following dopant sources were DEPTH (M~m)
studied by them: silane (SiH,), disilane (Si 2H6), Fig. 6. Polaron profile of carbon 8-doped sample. After ref.
triethylsilane (TESiH, (C 2H5 )3SiH), diethyltel- [181.
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Excellent InGaAs/InP quantum well results were

,-CALCULATED FOR obtained by Ritter et al. [23] using triisobutyl-
INTRINSIC tnP arsine and -phosphine.

10.0

7. Laser-assisted CBE and ALE

d , Laser-assisted CBE and atomic layer epitaxy
ed 50pm (ALE) has been studied employing a multi-line

S1.0- Ar + laser and RHEED technique by Doi, Aoyagi
-d and Namba [24]. Two major findings are: (1) the

c0 METAL DISC decomposition rate of tEGa is enhanced to a
S I InP Igreater extent on an As surface in comparison

with that on a Ga surface under Ar+ laser irradia-
tion, (2) the laser irradiation also enhances the
surface migration of the absorbed surface mole-0.t

900 950 1000 1050 1100 cules. Chiu et al. [25] also conducted atomic layer
Fe SOURCE TEMPERATURE (*C) epitaxy of GaAs employing CBE using TMGa.

Fig. 7. Plot of measured resistivities as a function of Fe source The one-monolayer self-limiting process is clearly
temperatures. The inset shows the device structure for resistiv- observed using RHEED intensity oscillations.

ity measurement.

8. Si CBE
range of Fe concentrations. Resistivities as high as
1.3 x 108 £2 cm have been obtained, as shown in In order to maximize the technological impact
fig. 7. Such resistivity is almost equal to the theo- of Si MBE and completely eliminate the par-
retical value of 1.37 x 108 £2 cm that is estimated ticulate problems associated with conventional Si
for intrinsic InP. MBE, silicon CBE using gas sources is very attrac-

tive and potentially important. Silicon CBE also
adds the capability of deposition on selected areas

6. Alternative sources of the substrate wafer, which conventional Si MBE
cannot do. Hirayama and Koyama [26] investi-

The hazard posed by the group V hydrides, gated the growth using disilane and obtained a
AsH3 and PH 3, together with the desire for pre- low-temperature growth rate of 1 A/s. They found
cursor molecules producing higher quality layers that B, Sb and P doping are possible using HBO2
has motivated the development of new, metalor- cell, ionization cell and PH 3 gas doping method,
ganic group V and even group III precursor mole- respectively. Transistors show normal common-
cules. Stringfellow [22] gives a very thorough emitter I- V characteristics (hFE - 30). Selective
survey. For group III alternate sources, triiso- epitaxial growth was employed to fabricate
butyl-gallium and -aluminum (TIBGa and TIBAI), Sil __Ge base heterojunction bipolar transistors
and alane (AIH 3(CH3 ) 3N) are very promising (HBTs) using disilane and germane.
sources for further reducing the carbon residual
incorporation problem in the CBE and MOMBE
growth of GaAs and AIGaAs. As for group V 9. CBE of Il-VI compound semiconductors
alternate sources, triisobutyl-arsine and -phos-
phine, and p*henyl-arsine appear to be quite prom- Research has also been started by several groups
ising as replacements for the hydrides. When to use CBE for the growth of 1I-VI compounds,
phenyl-arsine is used, no pre-cracking is needed. e.g. ZnSe, ZnS, CdTe, HgTe, and HgCdTe, etc.
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The major advantage offered by CBE is the super- ing diodes, distributed Bragg reflector (DBR) laser,
ior flux control and stability throughout the run Fe-doped lnP/InGaAs metal-semiconductor-
and from run to run. Recently, Benz II et al. [27] metal (MSM) photodetector, and integrated
reported the growth of high quality CdTe, HgTe, MSM-FET photoreceivers, QW optical modula-
and their alloys by CBE using diethylcadium, di- tion, quantum switched heterojunction bipolar
isopropyltelluride and Hg vapor, transistors, etc. For a review, see ref. [1]. Though

some of these devices were prepared several years
ago, their performance results still are among the

10. Device applications best today.
Recently, Tsang et al. [281 have demonstrated

With such high quality materials and hetero- the first successful preparation of lnGaAs/In-
structures, a large variety of optical and electronic GaAsP multiquantum well (MQW) lasers grown
devices with very high performance have been by CBE. The broad-area threshold current densi-
grown by CBE, mostly due to Tsang and his ties of standard (not graded index) separate con-
co-workers [1]. These include GaInAs p-i-n pho- finement heterostructure (SCH) MQW lasers were
todiodes, APDs, photoconductive detectors, pho- as low as 860 and - 590 A/cm2 for cavity lengths
to-transistors, GaAs double-heterostructure (DH) of 500 and 1500-3500 pm. Such values are similar
lasers, 1.3 and 1.5 ptm wavelength GalnAsP DH to those obtained from MQW wafers employing
lasers, GalnAs/lnP QW lasers, very-low-loss the more advanced graded index SCH (GRIN-
GalnAs/InP optical waveguides, superlattice opti- SCH) grown by MOVPE [29-31]. Buried hetero-
cal logic etalons, GalnAs/InP high-mobility two- structure lasers [32,33] also have similar threshold
dimensional electron gas FETs, GalnAs/InP currents, i.e., 25-40 mA for 300-1500 long cavi-
MIS-FETs, very-thin-base (150 A) bipolar, tunnel- ties as shown in fig. 8. Pulses and CW output

50 "

40

30

0
20

CBE4OWSCH

10 - 0 MO-VPE SL-4 OW lno..Gao.2As/lnGaAsP (THUS et al.)

A MO-VPE SL-4 OW GRIN-SCH (TANBUN-EK ek al.)

0 I I 1
0 500 1000 1500 2000

CAVITY LENGTH (1 m)
Fig. 8. The threshold currents as a function of cavity lengths of CBE-grown standard SCH MQW BH lasers, MOVPE-grown strained

SCH. After ref. 1321.
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-85%, as shown in fig. 9. The layer thickness
WT 013190 uniformity is better than ± 1% across a 2-inch

diameter wafer. By introducing strain into the
200 In.Gaj_,As quantum wells, threshold current

density as low as 370 A/cm2 was obtained for a
four quantum well laser having x = 0.65 and well

160 - thickness of 50 A. Such value is among the lowest
threshold current densities obtained for 1.5 pm

E multiple quantum well lasers. Fig. 10 shows a
S 120comparison of lattice-matched and strained quan-

o: turn well lasers.
0. In short, it has been thoroughly investigated

80 AV LENGTH-1000 m and demonstrated that the InGaAsP/lnP opto-0 / AR-HR (-5%.,-%) electronic devices prepared by CBE are no doubt

among the best performance as those similar de-
40 vices prepared by MOVPE and LPE. (Note that

MBE is not suited for preparing InGaAsP materi-
als.) With the improved qualities of AlGaAs grown

0 500 1000 1500 2000 by CBE using new Al compounds, there is also a
0 500 1000 1500 2000 significant improvement in the AIGaAs/GaAs de-

I (mA) vice performance reported.
Fig. 9. The pulsed and CW output power versus current for a Houng and co-workers [14,16] have optimized
SCH MQW BH laser with AR-HR coating of - 5% and the CBE growth conditions for GaAs and AIGaAs

-85%. using TEGa and TEAl. Table I shows the 2DEG

properties of the CBE AIGaAs/GaAs modula-
power at 1.57 ftm as high as 216 and 140 mW were tion-doped heterostructure with a thin spacer layer
obtained from 1 mm long lasers having anti-reflec- (30 A). The values are comparable to that of films
tion and high reflection coatings of - 5% and of a similar structure grown by OMVPE or ele-

1,000
E 4 SL-MQWx=o0.65

800 d = 50A

zw
O 600
zw

400

370 A/cm 2
0 200 A MOVPE GRIN-SCH MOW
U) 0 CBE SCH MOW
cc 0 CBE STRAINED SCH MOW

'- 0
0 500 1000 1500 2000 2500 3000 3500 4000

CAVITY LENGTH 9am)

Fig. 10. A comparison of the threshold current densities for lattice-matched CBE-grown. MOVPE-grown and CBE-grown

strained-layer multiple quantum well lasers.
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Table I Carbon doping in Gas using TMGa proves to
Electrical properties of modulation-doped structure with a 30 be important for HBT applications for two im-
A AIGaAs spacer layer portant reasons: (1) Very high C concentration,

Technique N (cm- 2 ) A (cm2/V s) which is electrically active, up to 1020 cm- 3 can be
300 K 77 K 300 K 77 K obtained, (2) carbon does not diffuse during

CBE 1.1X101 2  1.0xl0ll 7100 47400 growth or high temperature (700'C) annealing.
MOCVD 1.4 X 1012 1.4x 1012 6300 42000 Abernathy and co-workers [20] have fabricated
MBE 1.2x1012  1.0X1012 7060 54600 similar devices in which the entire structure is

grown by CBE. For a base doping of loll cm-3 a
gain of 140 was measured for 90 jum diameter

mental-source MBE technique. It is seen that for devices. 2 jtm x 6 /m devices showed a gain of 28
practical device structure applications, the two-di- and an fT to 40 GHz. Though further work is

mensional electron gas (2DEG) mobilities are very needed to optimize the performance of these

similar. In a more recent experiment using triiso- structures, these preliminary results are quite en-
butylaluminum (TIBAI) instead of TEAl, further couraging and suggest that carbon may indeed

improvement is obtained. In a 2DEG structure fulfill its promise as a p-type dopant in high-speed
having 150 A AIGaAs spacer layer, a 2DEG mo- III-V devices. Excellent results were also reported

bility at 77 K of 88.600 cm 2/V- s is obtained by Hewlett-Packard group on AIGaAs/GaAs tra-
using TIBAI versus 64,900 cm2/V s using TEAl. veiling-wave electro-optic waveguide modulations.
The sheet carrier concentration is 6 X 10 11 cM - 2. which require low-defect 10 Am thick epilayers.
This is the highest 2DEG mobility in AIGaAs/ and light-emitting diode arrays at 710 jtm.

GaAs grown by CBE.
Quarter-micron gate length MODFETs have

been fabricated on this CBE film grown using !1. Conclusion
TEGa and TFAi sources. These devices have a
maximum transconductance g. of 380 mS/mm at In short, the recent rapid progress and wide-
iV = -0.17 V Typical noise figures of 1.7 dB spread interest has confirmed the importance and

with an associated gain of 10.5 dB at 18 GHz and ensured the future of CBE. In fact, the develop-

an f, of 38 Gz were obtained from these devices ment of CBE is in some way a necessity without
when operateu at room temperature. These de- choice if epitaxial growth technolngy ;- to go
vices exhibited characteristics equivalent to de- beyond MOVPE and MBE. MOVPE and MBE

vices fabricated from material grown by elemen- have been under development for the last two
tal-source MBE and processed using the same decades and matured. Their respective advantages
mask set. Tablh 2 shows a comparison with MBE and disadvantages, their unique capabilities and

grown transistors. Further improvement of CBE limits are well understood. It is only natural and

MODFET dex ce performance can be obtained by timely for researchers to develop new techniques

using TIBAI ii.gtead of TEAl as an Al source for for the future that preserve and even create new
the growth of A'ODFET structure, advantages and capabilities, and at the same time

eliminate or circumvent the shortcomings.

Table 2
MODFFT device performance: L, = 0.25 tm and 111 =150 References
Am

Technique g NF f f! [I For a review, see:
(mS/mm) (dB) (GHz) W.T. Tsang, J. Crystal Growth 95 (1989) 121;

('BE 380 1.7 38 W.T. Tsang. Chemical beam epitaxy. in: VLSI Electronics

MBE 300-340 1.4-1.5 30 Microstructure Science. Vol. 21. Ed. N.G. Einspruch
(Academic Press. New York, 1989) ch. 6. pp. 255-357:

Measured at 18 GHz. W.T. Tsang J. Crystal Growth 105 (1990) 1.
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A comparison of MBE and MOMBE/CBE growth mechanisms
using modulated beam mass spectrometry and RHEED

C.T. Foxon
Philips Research Laboratories, Redhsll Surrey RHI 5HA, UK

E.M. Gibson, J. Zhang, B.A. Joyce
Semiconductor Materials IRC. The Blackett Laboratory,. Imperial College, London SW7 2BZ UK

and

D.E. Lacklison
Philips Research Laboratories. Redhill. Surr, RHI 5HA. UK

MOMBE and CBE growth has until recently been based on largely empirical studies of the epitaxial process. We have used
modulated beam mass spectrometry (MBMS) and reflection high energy electron diffraction (RHEED), previously applied to the
study of MBE, to investigate the interaction of metalorganics with As, and As4 with a view to understanding more completely the
MOMBE/CBE process. The decomposition of metalorganic (MO) sources under quasi-equilibrium conditions has been studied using
time-of-flight (TOF) techniques. The cracking pattern of trimethylgallium (TMGa) has been established using this method. The
interaction of TMGa with As, and As4 has been studied in detail on both singular and vicinal plane samples. The growth rate is a
complex function of both substrate temperature and group Ill incident flux and is also influenced by the nature of the group V
species and the group V/Ill ratio. Studies of the species desorbing from the surface during growth by MOMBE using TMGa have
shown that in addition to the metalorganics, only methyl radicals are observed, the methane and ethane seen in mass spectrometer
studies which have not used modulation techniques are formed in the system. Modulating the adsorbed beam (TMGa) has shown
that. in the temperature range where sigsificant growth is achieved, no TMGa is desorbed from the surface. The presence of CH3 (no
CH4 or C2H5 is detected) desorbing from the surface suggests the pyrolysis of TMGa vi sequential release of methyl radicals. The
reaction mechanism for the decomposition of TMGa under MOMBE conditions is complicated with at least one slow step limiting
the growth rate of GaAs.

1. Introduction We have studied in detail the pyrolysis of tri-
methylgallium (TMGa) under MOMBE growth

Considerable interest has been generated in conditions. There are various mechanisms pro-
metalorganic molecular beam epitaxy (MOMBE) posed for the decomposition of TMGa that in-
in recent years [1.21 as a method that potentially volve the loss of methane or the methyl radicals.
combines the advantages of MBE and MOCVD We have recent!y reported our preliminary data
[3] in Ill-V compound semiconductor growth. using MBMS and RHEED studies under true
Because growth takes place in ultra-high vacuum MOMBE conditions [4], which show that only the
equipment, modulated beam mass spectrometry methyl radical (CHI) is desorbed from the surface
(MBMS) and reflection high energy electron dif- in addition to the metalorganics. The metalorganic
fraction (RHEED) monitoring techniques can be (MO) species desorbing change with temperature
used to clarify the growth mechanisms, as radicals are lost via a sequential pyrolysis.

0022-0248/91/$03.50 1' 199 - Elsevier Science Publishers B.V. (North-Holland)
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Memmert and Yu [5] used a combination of pulsed to ensure that it can only detect molecules directly
molecular beam and time resolved mass spec- desorbed from the sample surface. The adsorbed
trometry to study the kinetics of pyrolysis of or desorbed beam can be modulated to distinguish
TMGa and also concluded that only CH 3 is ob- real signals from those resulting from background
served, in agreement with out data. gases arising in the ioniser region. This is espe-

In this paper, we present more detailed data cially crucial in the case of metalorganics which
obtained from MBMS [6,7] and RHEED studies have relatively high background pressures within
[7]. These two techniques combined give informa- the MOMBE chamber, typically in the mid 10'
tion on the complex surface kinetics under dy- Torr range. Since the ioniser in the mass spec-
namic growth conditions for both MOMBE and trometer collects typically 10-3 of the flux de-
MBE. We have extended our earlier RHEED study sorbed from the surface, the true signal is small
by working on vicinal plane samples and for sin- compared to the background. So-called "reflec-
gular surfaces used smaller substrates to avoid tion mass spectrometry" in which line of sight
geometrical beating effects in the RHEED inten- combined with a simple mechanical shutter
sity oscillations [4]. In addition we have mod- arrangement is used cannot give satisfactory data
ulated the adsorbed TMGa beam in order to study under these conditions. Fourier transform tech-
the time dependence of desorbing species. niques are used to extract both phase and ampli-

tude information on the surface processes from
the overall signal [6]. An additional DC flux is

2. Experimental available to study non-linear higher order reac-
tions.

The MBMS and RHEED studies were per- There is a separate time-of-flight (TOF) facil-
formed in an MBE system equipped with ad- ity, which is used to study the cracking patterns
ditional MO sources: TMGa, TEGa, TEAl and from the various MO sources. The mass spec-
TMIn. Elemental sources containing In, Ga, Al, trometer has an additional RF only pre-filter and
As and P were also present. The group V sources behaves as a ideal density detector under suitable
had additional hot (cracker) zones to provide either conditions [8].
the dimer or tetramer. In this present study only
TMGa and As 2 were used. Absolute measurement
of the TMGa flux was not possible because the 3. Results and discussion
sticking coefficient never reached unity. The ap-
proximate values quoted in this paper were ob- The preliminary results of our earlier study in
tained from the maximum growth rate, de- which the desorbed beam was modulated are
termined using the RHEED oscillation technique, shown schematically in fig. 1. This shows a peak
assuming a unity incorporation rate for TMGa, in the growth rate followed by a small decreased
which is not quite the case. The (001) oriented and finally a second increase as the substrate
GaAs substrate was etched in H2SO4 : H10 2 : HO, temperature is increased.
mounted with In onto a Mo block and the oxide We have now studied the same process by
was removed by heating in a beam of As, at modulating the adsorbed beam which allows us to
620°C. The temperature of the substrate was determine the surface lifetime of the various
monitored using both a thermocouple shielded to species desorbing from the surface. In order to
prevent direct radiation from the heaters and a obtain surface lifetime from the overall delay, we
radiation pyrometer (2 pm with an emissivity set- need to know the adsorbed and desorbed species
ting of 0.62 for a Si doped substrate). The two to determine and remove the flight times from the
estimates agreed to < 10°C. modulator to the surface and from the surface to

The ioniser of the quadrupole mass spectrome- the detector [6]. The adsorbed beam in this case is
ter used for the MBMS studies was surrounded by TMGa, but the nature of the desorbed species is
a liquid nitrogen cooled assembly with collimation not clear, since the cracking patterns of the vari-
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-p thru1t000-Daa

'400.0 450.0 500.0 550.o 600.0 650.0
45630 Substnate temper-ature (C)

substr-ate temper-ature (C) Fig. 3. Amplitude of the signals in the mass spectrometer for
Fig. 1. Schematic diagram depicting the variation of growth modulation of the adsorbed beam of TMGa during growth
rate of GaAs and the desorption of TMGa fragments with using As, as a function of substrate temperature.

temperature, applied to either As 2 or As4-

walls of the ioniser of the mass spectrometer or in
ous possibilities are not known. As a first ap- the collimating apertures. It is important to point
proximation we have therefore used the detected out that in studies using reflection mass spec-
ion mass for the mass of the desoirbed beam. The trometry this signal would be incorrectly identi-
maximum error resulting from this possibly incor- fied as coming from the surface. Only phase infor-
rect procedure will be < 0.5 ms. The results of mation obtained by modulating the incident beam
this study are shown in fig. 2, the delays in the can reveal this as spurious information.
signals for Ga' . MMGa' and DMGa + are all Fig. 3 shows the intensity of the various signals
negligible over the whole temperature range observed in the mass spectrometer as a function of
studied (420 to 620°CQ but for the TMGa' a temperature over the same temperature range. The
constant. temperature independent delay of about functional dependence observed follows closely
4 ms is observed. This can only be explained by that seen in our previous study. in which the
the signal arising as an association reaction on the desorbing flux was modulated [4]. From an analy-

sis of the amplitude of the various Fourier compo-
;i._..Ga+ :nents present in the signals we can also see that

;.-.MMtGa+'; for the Ga + and DMGa' no second harmonic is

l -. ..M;a

.b taMGa+ t present. but for the TMGa and in some in-
.........te...... of ... a...s. ad hstances for the M MGa* this is not always the

case.Plotting the ratios of the intensities of Ga r to
ou posiiMMG + as shown in fig. 4 shows that this corre-

pxailates closely with the observed growth rate depen-

" dence shown in fig. 1.
o. mmd. T From this additional data we can see that the
4mi.0 4o. rui.0 f 0.0 6o.0 6,oi .0 original model proposed for the decomposition of

Substsnte temperfature (C) TMGa during growth by MOMBE is essentially

Fig. 2. Delay in the signals in the mass spectrometer with correct [4]. Radicals are lost sequentially and in
respect to modulation of the adsorbed beam of TMGa during the temperature range where significant growth is
growth using As as a function of substrate temperature observed (> 400 C) no TMGa is desorbed from
Contributions due to the flight times of the adsorbed and the surface. This implies that the energy required
desorbed beam have been removed but uncertainties - 0.5 ns to break the first bond is small, but that DMGa
exist due to the unknown mass of the dshtrbing species and
the behaviour of the mass spectrometer which does not act as and MMGa are relatively stable surface species.

an ideal density detector. The changing relative intensities of Ga' MMGaT M .a hw nfg 4sosta hscre
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F,---G-- _in the orthogonal direction no difference com-
4.0 pared to a singular surface is observed. This find-

ing implies that specific surface sites are responsi-
ble for the pyrolysis of the TMGa or DMGa
molecules and will be the subject of a more de-

Z ao tailed study.

.0 4. Summary
400.0 4W0.0 500.0 550.0 800.0 650.0Substrate temperature (C)

Subsrat teperaure(C)Growth of GaAs by MOMBE using TMGa
Fig. 4. Ratio of the amplitudes of the Ga' to MMGa + signals
in the mass spectrometer for modulation of the adsorbed beam takes place by the sequential release of methyl
of TMGa during growth using As, as a function of substrate radicals which are lost by desorption. Over the

temperature. temperature range where significant growth takes
place (above 400 *C) DMGa and MMGa are lost

and DMGa* observed in the MBMS studies show by desorption from the surface; TMGa signals

that both DMGa and MMGa are lost by desorp- seen in reflection mass spectrometry studies are
tion, unlike the situation with TEGa, where the false and are formed in the ioniser region of thegrowth rate is determined by the desorption of mass spectrometer. The reduced rate of damping

groth at isdetrmnedbythedesrpionof of RHEED oscillations observed in MOMBEDEGa [9-11]. This difference may explain why a ow copa ed i oe
more complex dependence of growth rate on sub- growth compared with MBE is probably due to
strate temperature is observed for TMGa than for lower surface mobility for metalorganics com-
TEGa. pared to elemental Ga. Specific sites are involved

We have extended our previous study of the tn the pyrolysis of DMGa or TMGa.
relative damping of RHEED oscillations in MBE
and MOMBE growth. To avoid the inherent prob-
lem of different growth rate variations across the Acknowledgements
substrate in MBE and MOMBE due to geometri-
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Background pressure dependence of GaAs and A1GaAs growth rates in
gas-source molecular beam epitaxy

Junji Saito. Takeshi Maeda, Katsuji Ono and Kazuo Kondo

Fujitsu Laboratories Ltd. 10-1 Morinosato-Wakaniva Atsugi 243-01, Japan

The rate of GaAs and AIGaAs epitaxial growth by molecular-beam epitaxy using two gas systems - arsine IAsH 0. triethylgal-
lium (TEG) and Al, and AsH , Ga and Al - decreased exponentially as the AsH 3 flow rate increased- We find that growth rate R
can be represented using AsH 3 flow rate F as R = B exp( - AF). where A and B are constants. A was the same for GaAs and
AIGaAs. In these systems, the background pressure during growth increased from 10 to 10 '

" Torr. In the As4 and TEG system,
the GaAs growth rate was independent of the As 4 beam intensity from 10 1 to 10 4 Torr, unlike in the AsH, systems. The
background pressure in this As 4 pressure range was also constant. We explain these results in terms of an increase of the collision
frequency between the group Ill and background molecules. The value A calculated from our growth conditions using the kinetic
theors, of gases agreed well with the results of experiments.

1. Introduction reported that the growth rate of GaAs grown
using AsH, and TEG decreases with increasing

Background pressure during growth in molecu- AsH1 flow rate over a wide range of substrate
lar-beam epitaxy (MBE) growth using metalor- temperature. They explained this bv the prefer-
ganic compounds and/or hydrides is typically ential site catalytic effect, which may exist because
10 " to 10 - Torr. mid-range between conven- the excessive As reduces the probability for dieth-
tional MBE using a metal source and metalorganic vlgallium produced by decomposition of TEG to
chemical vapor deposition (MOCVD). The growth move to the proper site for epitaxial growth.
of gas-source MBE differs from standard MBE Maruno et al. [10] reported that the growth rate in
and MOCVD [1.2]. In GaAs growth using triethyl- GaAs grown using TEG and AsH 3 decreased when
gallium (TEG). an excessive arsenic (As 4 ) beam additional hydrogen or nitrogen was introduced.
intensity [3.4] or arsine (AsH,) flow rate [5-7] or that there was an excessive AsH, flow rate.
suppresses carbon incorporation into the epitaxial They refuted the chemical adsorption model re-
layer during growth. However, the growth rate of ported by Nagata. claiming the growth rate reduc-
GaAs grown using TEG and AsH, also decreases tion was caused by nitrogen as well as hydrogen.
with the AsH, flow rate or as additional H, They explained their results by assuming that
pressure increases [8-101. transient residence of hydrogen or nitrogen mole-

Nagata et al. [8] reported that the reduction of cules on the growing surface impedes adsorption
growth rate in GaAs grown using As 4 or AsH3  of TEG molecules.
and TEG was caused by additional hydrogen and This paper discusses the AsH, flow rate and
excessive AsH, flow rate. They explained these As4 beam intensity dependence of the growth rate
results saying that chemical adsorption of hydro- and the AlAs mole fraction in GaAs and AIGaAs
gen atoms on the growth surface prevents the layers grown using three systems: AsH,. TEG and
adsorption of TEG molecules. Chiu et al. [9] also Al: AsH , Ga and Al: and As 4 and TEG. It also

(M22-0248 /91/$03.50 , 1991 - Elsevier Science Publishers B.V. (North-Holland)
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discusses the growth mechanism of GaAs and a depth profile of Al by secondary-ion mass spec-
AIGaAs layers in a high-pressure region caused by troscopy (SIMS).
an excessive AsH 3 flow rate.

3. Results

2. Experiments GaAs and AlGaAs layers were grown on the

GaAs substrates using AsH 3 , TEG and Al sources.

The experiments were performed in a modified Background pressure during growth increased lin-
ISA-Riber 2300P. equipped with gas lines for AsH 3  eally from 7 X 10- to 7 x 10-' Torr as the AsH 3
and TEG, conventional effusion cells for As4 , Ga flow *'ate increased from 5 to 50 SCCM. The
and Al, and evacuated with a turbo-molecular growth rates of GaAs and AlGaAs decreased ex-
pump (2200 l/s) during growth [4]. The distance ponentially from 0.79 and 1.04 to 0.42 and 0.55
between effusion cells and substrate was 25 cm. pm/h as the AsH 3 flow rate increased (fig. 1). We
AsH -was introduced through a high-temperature found that the growth rate R is expressed in terms
cracking cell maintained at 920'C. The flow rate of AsH 3 flow rate F(SCC M) as R = B exp( -A F).
was controlled with a mass flow controller (MFC), where A and B are constants. A is the same for
and varied from 5 to 50 standard cm 3/min GaAs and AIGaAs. The lines in fig. I represent
(SCCM). Since the AsH 3 flow rate was less than 3 the equation of growth rate R 0.872 exp
SCCM, the surface morphology of epitaxial layers (-0.0146F) for GaAs and R 1.12 exp
degraded because few As2 molecules were inci- (-0.0146F) for AIGaAs.
dent on the growth surface. Therefore, we used an The AlAs mole fraction of AIGaAs as de-
AsH, flow rate of more than 5 SCCM. TEG was termined from the growth rates of GaAs and
introduced into the growth chamber through a AIGaAs was 0.24 for an AsH3 flow rate of 5 to 50
low-temperature effusion cell using hydrogen as a SCCM. We identified that the intensity ratio of Al
carrier gas. The total flow rate of 10 SCCM was to Ga signals measured using SIMS was also inde-
also controlled with a MFC. The TEG flow rate as pendent of the AsH 3 flow rate (fig. 2). These
calculated from the partial pressure was 2.5 SCCM. results indicate that GaAs and AlAs growth rates
A conventional arsenic effusion cell was used to
produce an As, molecular beam which was varied
from 1.5 X 10 -  to 3.0 x 10-  Torr. The As 4  10
molecular beam intensity was measured with a S3,. system

Bayard-Alpert ionization gauge in place of the 2.5 sccm TEG

substrate.
A semi-insulating (100)-oriented GaAs sub- a

strate was mounted on a molybdenum block by ,
indium solder, and introduced into the growth 1 A10 24Ga0. 6 As
chamber. The substrate temperature, measured by
an infrared pyrometer calibrated to the melting GaAs

point of aluminum, was 550' C. This temperature
is in a mass-transport limited region [11.12]. Back-
ground pressure during growth was measured using

0.1a Bayard-Alpert ionization gauge. The growth 0 10 20 30 40 50 60

rate was determined by measuring the layer thick- AsH. f'cw rate (scem)
ness using a stylus profilometer on GaAs sub-

Fig. 1. Growth rates of GaAs (e) and AlGaAs (o) as a
strates which were partly masked by 0.8 pm thick function of AsH, flow rates. GaAs and AIGaAs were grown

SiO 2 films. The thickness of GaAs and AIGaAs using AsH , TEG and Al sources. Lines represent growth rate

layers in the heterostructure were determined using R = B exp( - AF). where F is AsH, flow rate and A is 0.0146.



546 J. Saito et al. / Background pressure dependence of GaAs and A IGaAs growth rates in GSMBE

1 E6
L 5 scem AsH 3  69Ga- AsH3 , Ga, and Al system

IE4 T 550OC

27o
AlA

1E2~ Ga1_ .s-
15 sccm AsH 3  69- 8.

1E4

1E2; 0.1 , , As

I E6

I AsH3 flow rate (sccm)
1E6 30 seem AsH 3  69a

..0scnAs3 6 a Fig. 3. Thickness of GaAs (e) and A1Ga-As (o) in the

1E4 '.GaAs/AIGaAs heterostructure (fig. 1) as a function of AsH,[ flow rate. Lines represent the equation for thickness Ta

1E2 27- exp(- AF), where F is AsH 3 flow rate and A is 0.0146, the
. ,same as the equation in fig. 1.

0 0.2 0.4 0.6 0.8Depth (mm) flow rate F. This gradient value is the same for the

Fig. 2. Ga and Al depth profiles measured using SIMS in growth rate R in the AsH 3, TEG and Al system
AIGaAs for various AsH 3 flow rates. The AIGaAs layers were shown in fig. 1.

grown using AsH 3, TEG and Al sources.

10,10'

decreased at the same rate as the AsH 3 flow As4 and TEG system
increased. Ts = 5500C

GaAs/AIGaAs heterostructures were grown on 2.5 scem TEG

semi-insulating GaAs substrates using AsH 3, Ga
and Al zources. The designed heterostructure con-

sa
sisted of a 0.44 Am GaAs. then a 0.11 Am 16
Alj),Ga0 72As, then a 0.05 Am GaAs, then a 0.1
Am Al1 2gGao 72 As, followed by a 0.01 Am GaAs _-_-_ _

cap layer. We measured the depth profile of Al 2
using SIMS for GaAs/AIGaAs heterostructures
grown at various AsH3 flow rates. The thickness m
of the first layer of GaAs decreased from 0.44 to
0.27 pm as the AsH3 flow rate increased from 5 to 0.1 106

50 SCCM. The thickness of the second layer of 0 1.5 3.0

AIGaAs also decreased from 0.11 to 0.058 pm. We As4 pressure (104 Torr)

plotted the thickness of first, second and third rig. 4. Dependence of As4 beam flux intensity on growth rate
of GaAs and background pressure during growth. GaAs was

layers as functions of the AsH 3 flow rate (fig. 3). grown using As4 and TEG at substrate temperature of 550' C.

The lines in fig. 3 show the exponential curves The As 4 beam flux was varied from 1.5x10 - to 3.0x10 - 4

with gradient of 0.0146 as a function of AsH 3 Toff. The TEG flow rate was kept at 2.5 SCCM.
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GaAs was grown on partially masked sub- Therefore, the growth rate is represented by
strates using As4 and TEG sources. While the As 4
molecular flux increased from 1.5 x 10' to 3.0 x R - B exp(-AF), (7)

10-4 Torr, the background pressure during growth the same as the empirical equation described for
was constant at 1.4 x 10 - 5 Torr (fig. 4). This the AsH 3 systems, where
background pressure was largely dominated by the
hydrogen carrier gas for TEG. The GaAs growth A = 5.45 × 1017 Ld 2/TS. (8)
rate was independent of the As 4 pressure, unlike
that in the AsH 3 systems. The effective pumping speed S in this AsH 3

system was examined experimentally. As AsH3
was introduced through a high-temperature crack-

4. Discussion ing cell at 920'C, the pressure P(Torr) of the
growth chamber was measured as a function of

We explain these results using the kinetic the- the AsH 3 flow rate F(SCCM). The pressure in-
ory of gases. While a molecular beam passes creased linearly according to empirical equation as
through a gas, the intensity of the molecular beam P = 7.5 X 10- "F. We found that the effective
is decreased by the elastic collision with gas mole- pumping speed S was 1700 I/s.
cules. The number of group III (TEG, Ga and Al) To calculate A in eq. (8), we chose the molecu-
molecules in a beam L cm away from the gas or lar diameter d = 2.75 x 10-' cm of hydrogen as
effusion cell is given by the diameter of the main molecules in this AsH 3

N(L) = No exp(- L/X), (1) system. We introduced arsine through a cracking
cell maintained at 920 " C, a temperature sufficient

whtre N, is the original number of molecules and to induce thermal decomposition of arsine. The
X is the mean free path for the gases in the growth molecular beams effused from the arsine cracking
chamber. The mean free path X(cm) can be calcu- cell would consist mainly of As dimers and hydro-
lated using background pressure P(Torr) as gen, with arsine molecules negligibly few. Most of
X = 2.33 x 10-2 0 T/Pd. (2) the As dimers contribute to growth. The re-

mainders, including those re-evaporated from the
where d is the molecular diameter in cm and T substrate, are deposited on the shroud wall at
the gas temperature in K. Eq. (1) can now be liquid nitrogen temperature. Hydrogen, however,
written as does not adsorb on the wall, so the background

pressure is dominated by hydrogen molecules. The
N(L) = N, exp( -4.29 x 10' 9Ld 2P/T). (3) gas temperature is dominated by the temperature

We used a substrate temperature of 550 C in a of the wall the gas impinges on. We therefore
mass-transport limited region. Therefore growth simply chose a gas temperature T = 450 K as an
rate R is proportional to N(L). The growth rate average of the substrate temperature of 550°C
can be written by and liquid nitrogen of 77 K. The distance L

between effusion cells and substrate was 25 cm.
R = B exp( -A'P), (4) With these growth conditions, A. as calculated

where B is constant and from eq. (8). is 0.0135. This agrees well with the
measured results using two AsH 3 systems. This

A' = 4.29 X l0'9,' T (5) shows that the reduction of GaAs and AIGaAs

In the AsH. system, the background pressure growth rates in the AsH 3 systems is caused by an

P(Torr) is dominated by the AsH7 flow rate increase of the collision frequency between group

F(SCCM) and effective pumping speed S(l/s) of III and background molecules. We believe that

the growth chamber as background molecules consist mainly of hydrogen
from the cracked AsH 3 flux. The growth rate

P = 0.0127F/S. (6) reduction caused by the increase in AsH7 flow
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rate appeared when various group III molecules as agrees with their growth rate reduction in the
such as TEG, Ga and Al were used. This indicates arsine flow rate over 4 SCCM at various substrate
that this phenomenon does not depend on the temperatures.
kind of molecule. This also supports the explana- Maruno et al. [10] maintained that the growth
tion using kinetic theory. rate reduction was not caused by a decrease in the

Collision with the background pressure gas also arrival rate of TEG because the collision probabil-
applies to As dimers derived from the thermal ity with hydrogen is small enough at background
decomposition of arsine. Although there is colli- pressures of 0.3 to 3 X 10 - 4 Torr. At 3 × 10 - 4

sion. As dimers flux-impinging on the substrate Torr, however, the actual hydrogen pressure is
surface increase by a factor of 5 where the arsine 6.8 X 10 - 4 Torr, because the gauge sensitivity of
flow rate increases from 5 to 50 SCCM. hydrogen with a Bayard-Alpert gauge is 0.44 [13].

In the As 4 and TEG system, the background At this pressure. the mean free path of hydrogen
pressure during growth did not increase as the As 4  (calculated using eq. (2)) is 20 cm. comparable to
flux increased. It remained at 1.4 X 10' Torr. the distance between effusion cell and substrate.
According to eqs. (4) and (5). the growth rate does Therefore, when group III molecules pass through
not decrease. This also agrees with our measure- hydrogen from effusion cell to substrate, collision
ments. with hydrogen is not negligible. They show that

In the calculation of eqs. (4) and (5), the back- the reciprocal of growth rate (l/R) is propor-
ground pressure deviation of 10-6 Torr corre- tional to the arsine flow rate within an error of
sponds to a growth rate deviation of 0.2%, 10' 8%. We have plotted their growth rate data in
Torr to 2% and 10-4 Torr to 20%. This shows that semi-logarithm and find that their data agree with
the growth rate in MBE using gas source is the simple exponential curve of R = B exp( -AF)
dominated by the background pressure above 10 within an error of 8%. We believe that the colli-
Torr. sion with hydrogen reduces the growth rate.

Chiu et al. [9] show that the GaAs growth rate
decreases as the arsine flow rate increases in a
substrate temperature range of 380 to 600'C. The
substrate temperature from 380 to 420 ° C is within 5. Conclusion
the range of the decomposition-limited region.
They show that, in this range. the growth rate was The growth rate of GaAs and AIGaAs layers
sensitive to an arsine flow rate of 1 to 4 SCCM. grown by two MBE systems (AsH , TEG and Al-
They explain this by the preferential site catalytic and AsH 3, Ga and Al) decreased exponentially as
effect, which may exist because excessive As flux the AsH. flow rate increased from 5 to 50 SCCM.
will reduce the number of sites available for TEG We found that the growth rate R is represented in
pyrolysis. We agree with their argument on this terms of the AsH 3  flow rate F as R =
temperature range (380-420'C) and arsine flow B exp( -AF), where A and B are constants. In
rate range (1-4 SCCM). However, in Chiu et al.'s the As 4 and TEG system, the GaAs growth rate
data, the growth rate gradient in an arsine flow was independent of the As 4 beam flux, unlike the
rate of 4 to 20 SCCM is nearly the same for AsH3 system. We explained these results using the
various substrate temperatures. Their experiments kinetic theory of gases. The growth rate gradient
were performed in a system where pressure was as a function of AsH3 flow rate, which was de-
maintained at less than 5 x 10- Torr during rived from our growth conditions, agreed well
growth. This pressure corresponds to our experi- with our measurements. This proves that the re-
ments at an arsine flow rate of 5 SCCM. If there duction of GaAs and AIGaAs growth rates in
are background pressure deviations of 10- Torr MBE using the AsH3, system is caused by an
in Chiu et al.'s experiments, we can estimate, increase in the number of collisions between group
using our equations (4) and (5), that the growth III and background molecules. This shows that
rate deviation is several percent. This estimate MBE using gas sources in the background pres-
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The roles of group-V species in metalorganic molecular-beam epitaxy
and chemical-beam epitaxy of I1-V compounds

B.W. Liang and C.W. Tu
Department of Electrical and Computer Engineering, University of California at San Diego, La Jolla. California 92093-0407, USA

Our kinetic model for metalorganic molecular-beam epitaxy (MOMBE) and chemical-beam epitaxy (CBE) of GaAs has been
extended to GaSb. This model can fit experimental data for growth with triethylgallium (TEGa) and antimony. The roles of group-V
species in MOMBE of III-V compounds are summarized. Group-V species are as important as group-Ill species in determining the
growth rates in MOMBE and CBE.

1. Introduction chemical vapor deposition (MOCVD). Surface re-
actions dominate the growth process. The first

More and more people are interested in meta- kinetic model proposed by Robertson et al. con-
lorganic molecular-beam epitaxy (MOMBE) or sidered only triethylgallium (TEGa) decomposi-
chemical-beam epitaxy (CBE) [1.2] because of its tion paths [3]. The role of arsenic species was
special properties, such as different growth kinet- presumed secondary. Subsequently, group-V spec-
ics from conventional MBE [3-5], atomic layer ies, unlike in conventional MBE. were found to
epitaxy (ALE) [7.10,11], high carbon doping [6,7], have a strong effect on the growth rate. This
and selective-area epitaxy [8,9]. In previous papers model therefore cannot explain the arsenic depen-
[4.5]. we have studied the growth kinetics of dence of growth rates. Another model proposed
MOMBE of GaAs and InAs. We found that ar- by Kaneko et al. [12] for MOMBE of GaSb as-
senic plays an important role in MOMBE or CBE. sumes the growth rate is controlled by the anti-
The growth rate is very sensitive to arsenic beam mony vacancy and provides a relation between
flux. Our kinetic model can fit experimental re- growth and antimony surface concentration with
suits very well and provide more insights into the Rg -f(T)[Sb]-", where n is the number of anti-
growth process. mony vacancy. According to their model, if [Sb] =

In this paper. we extend our model to MOMBE 0, growth rate of GaSb is infinite. Obviously, it is
of GaSb with triethylgallium (TEGa) and anti- not right because the growth rate of GaSb must be
mony and summarize the roles of group-V species zero without antimony. We have proposed a new
in MOMBE of Ill-V compounds. kinetic model [4]. taking into account the effect of

arsenic species for the first time, for CBE of GaAs
using TEGa and arise (AsH3). The model can fit

2. Growth kinetics the experimental data of Chiu [11] very well.
The model assumes that diethylgallium (DEGa)

2. 1. MOMBE of GaSb decomposition, in the presence of arsenic, is the
rate-limiting step for growing GaAs. We expect

Because the mean free paths of molecules are that monoethylgallium (MEGa), with two ethyl
very long compared to the source-to-substrate dis- radicals cleaved off, would be very reactive and
tance, one can expect that gas-phase reactions are chemisorb strongly to the surface. Cleavage of the
unimportant in MOMBE, unlike in metalorganic last ethyl radical and subsequent incorporation of

()22-0248/91/$03M50 1991 - Elsevier Science Publishers B.V. (North-Holland)
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GaAs would occur very fast due to small activa- 0.8
tion barrier. This situation is similar to Robertson's TEGa Flow Rate
model. What differentiates our model is that this
DEGa decomposition step includes an arsenic 0.6 [ 2.0sccm

species. Experimentally, the growth rate decreases

with increasing arsine flow rate, and this has been 1.4 sCcm

attributed to the site-blocking effect 11l. In our 0.4 f1.0 se0

preliminary study, the site-blocking mechanism 10c

does not agree with experimental data. We there-
fore propose enhanced desorption of TEGa by 0.2
excess arsenic on the surface in the continuous
CBE or MOMBE process. Similar to GaAs, for
GaSb. the proposed surface chemical reactions are 0.0
as follows:

427 527 627
Fsj,

(1) TEGa(g) * TEGa(ad), Substrate Temperature (°C)

k , Fig. 1. The relation between growth rate of GaSb by MOMBE
(2) TEGa(ad) -- DEGa(ad), and substrate temperature.

(3) TEGa(ad) + Sb,(ad)

k , where A,=A-,/A , A,=A'/A3 , AE,=E -E
TEGa(g) + other products, and AE, = E' - E3. There are six unknown

k parameters (A1 , A2, AE 1, AE, FS, and Cs,).
(4) DEGa(ad) -, DEGa(g). Note that in this model, we have further assumed
(5) DEGa(ad) + Sb, (ad) that (1) there is no Ga desorption because the

a agrowth temperature is below that of Ga desorp-

GaSb + other products. tion and (2) the temperature dependence of S,
and C., is small in the range studied.

In reaction (1), F is the TEGa beam flux, and We use eq. (2) to fit experimental data from ref.
So is the adsorption probability. The k's are vari- [121. First, we fit the growth rate versus substrate
ous reaction rate coefficients. Similar to Robert- temperature at 2.0 SCCM of TEGa flow rate and
son's model, we postulate the cleavage of the 1.2 x 10' Torr of antimony beam equivalent
second ethyl radical to be the rate-limiting step. In pressure since their data points under this condi-
our model, the growth rate (Rg) depends not only tion look relatively complete and have relatively
on the DEGa surface concentration X, but also small scatter compared with the other two sets of
on the antimony surface concentration Cs,,: data. We obtain the fitting parameters as follows:

A 1 = 3000 ML. AE, = 21 kcal/mol, A, = 5 x
Rg =kX2 C(s,. (1) 10 '( ML-'. _1E,= -34.8 kcal/mol, FS, =0.7

ML/cm2. s, and Cs, = 0.48 ML. ML stands for
In the steady-state condition, the concentration of monolavers. Then we fix the values of A,. A,
adsorbed TEGa (X 3) and DEGa (X) are inde- AE1, and AE,, and adjust FS, and Csb to fit
pendent of time. Solving for X, and X1, and other growth-rat- curves, as shown in fig. 1. It
assuming Arrhenius behavior for the reactions k, should be mentioned that because the data points
= A, exp( - El/kT), we obtain scatter, we ignored the highest point in the set of

, Npoints for which TEGa flow rate is 1.0 SCCM.
(FSo {1 + ( A,/Csh ) Using these parameters. we calculate the growth

rate as a function of Csb, as shown in fig. 2 for
xe aE, r](1 +A2Csh e- E2 RT)} . (2) various substrate temperatures used in ref. (121.
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0.6 Rg

0.5 - Sooc
\j 0.4_ 4 640c C,

MO0.3 b

0.2 62 -vs(°C)
Fig. 4. Growth rate of GaAs using TEGa and arsine as a

0.1 function of substrate temperature (from 280 to 630'C) and
0.0.. Iarsenic surface concentration.

0.0 A

0.0 0.2 0.4 0.6 0.8 1.0 activation energy for TEGa decomposing into
Antimony Surface Concentration (ML) DEGa. Since the binding energy for physisorbed

Fig. 2. The dependence of growth rate of GaSb on antimony molecules should be in the range of 1-10 kcal/mol.
surface concentration resulting from our model. E 3 is in the range of 35.8-45 kcal/mol. This value

is reasonable compared with the gas-phase value

Qualitatively these curves agree well with the data of 46 kcal/mol.

in ref. [12].
We now discuss the parameter obtained from 2.2. The roles of group-V species in MOMBE and

the model. Consider first AEI = E_ .-E, where CBE

E_ is the activation energy of DEGa desorption
and E is the activation energy for reaction (5). Surveying the growth behavior of MOMBE of
Since DEGa and Sb 2 are reactive, E is probably GaAs, InAs and GaSb, as shown in figs. 3. 4 and
small. Therefore, A E t - E- 2' which means E 2  5, we can come to a conclusion that group-V
21 kcal/mol. This value is almost the same as our species play very important roles in MOMBE and

previous result for GaAs [4], and it indicates that CBE. For TEGa, in the low group-V surface con-

the DEGa desorption activation energy is the same centration range, the group-V affects growth rates

on GaSb as on GaAs surface. Now, consider very seriously, especially in low substrate tempera-

AE, = E'- E3, where E' is the activation energy ture range. For TMIn, even though arsenic affects

of antimony-enhanced desorption. and E3 is the the growth rate too, but not as much as that in

Rg Rg

c4 qt1L 0 v2ol -sC') V4IL)o 0s '28

Fig. 3. Growth rate of InAs using TMIn and As 4 as a function Fig. 5. Growth rate of GaSh using TEGa and Sb 4 as a function
of substrate temperature (from 280 to 6300 C) and arsenic of substrate temperature (from 280 to 630*C) and arsenic

surface concentration, surface concentration.
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TEGa. This may be because of the difference and antimony surface concentration influence the
between TEGa and TMIn in chemistry. According growth rate.
to our kinetic model, there are two competing
reactions, reactions (2) and (3), during MOMBE Acknowledgments
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Metalorganic molecular beam epitaxy of GaAs using hydrogen
radical beam

Akiyoshi Watanabe *, Masayuki Hata and Toshiro Isu
Optoelectronics Technology Research Laboratoy. 5-5 Tohkodai, Tsukuba, Ibaraki 300-26, Japan

The effects of a hydrogen radical beam on metalorganic molecular beam epitaxy are examined. An oxide layer of GaAs is
removed by hydrogen radical irradiation. Self-limiting growth is suppressed when trimethylgallium (TMGa) and arsine (AsH,) are
supplied alternately under hydrogen radical pressure. When triethylgallium (TEGa). TMGa and AsH 3 are supplied sequentially, the
growth rate of GaAs increases with total amount of TEGa supply plus TMGa supply, while the growth rate increases with only
amount of TEGa without hydrogen radicals. It is considered that hydrogen radicals cut the bonds of both a methyl radical and an
ethyl radical with Ga atom in TMGa and TEGa molecules.

1. Introduction drogen radicals produced by ECR plasma [6]. This
suggests that hydrogen rad~cals are so active that

Atomic layer epitaxy (ALE) is an interesting they can cut the bond of oxygen and a gallium or
growth technique that has good controllability of arsenic atom. Therefore, it is thought that hydro-
growth layer thickness 11-51. In metalorganic gen radicals can cut the bond of carbon and a Ga
chemical vapor deposition (MOCVD) [1,41, good atom.
optical and electrical characteristics of grown In this paper, the effects of hydrogen radicals
layers have been reported using the ALE tech- on MOMBE growth are examined from an ALE
nique. Good electrical characteristics have not viewpoint. Removal of a GaAs oxide layer is
been obtained in layers by metalorganic molecular examined by Auger electron spectroscopy. In ad-
beam epitaxy (MOMBE) using trimethylgallium dition, it is examined as to whether hydrogen
(TMGa) as a source. Under MOMBE, a grown radicals do cut the bond of a Ga atom and carbon
layer contains carbon impurities with 10'9-10"1 in TMGa and TEGa molecules through measure-
cm 3 carrier concentration. We have reported that ment of the thickness of the layer grown by the
under the ALE conditions the adsorbed molecules ALE procedure.
on the surface are not decomposed into Ga atoms
for both cases of TMGa and triethylgallium
(TEGa) [5,71. In other words, the adsorbed mole- 2. Experimental apparatus
cules have a bond to carbon during the ALE
growth prccess. In order to decrease the carbon
concentration, it is desired to cut the bond of Th, MOMBE system used in the present ex-
carbon and Ga of metalorganic molecules by some periment consists of a conventional MBE systemmethod, with three chambers for introduction, preheating

It was reported that the native oxide on a and Auger analysis, and growth, respectively, and
surface of a GaAs substrate was removed by hy- a specially designed gas-handling system [71. A

hydrogen radical beam gun, Oxford Applied Re-
search MPD20, is installed in a port of the growth

* Present address: Central Research Laboratory, Hitachi. Ltd.. chamber. Hydrogen radicals are produced by an
Kokuhunji. Tokyo 185. Japan. electrodeless discharge at 13.56 MHz and 150 W
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3considered that hydrogen radicals produced by
electrodeless discharge remove the native oxide on

Tsub-350 C (TC) the surface of GaAs. In other words, hydrogen

2' -radicals are thought to cut the bond of oxygen and
w4 a gallium or arsenic atom.

01 4. Effects on ALE

-- - - o - - 4 .1 . S o u r c e s u p p ly (A L E )

0 10 20 30 40 50 60 70 80 After the wafer was introduced into the growth
Time (min) chamber as mentioned above, the substrate was

Fig. 1. The ratio of oxygen and arsenic Auger peak intensity as heated at 570 * C under arsenic pressure for surface
a function of time. The substrate temperature is 350 *C at a cleaning. The wafer temperature was measured by
thermocouple behind the Mo block. The pressure of hydrogen

radicals is 2.5 x 10
-

2 Pa. an infrared pyrometer.
The flow rates of TMGa, TEGa, AsH 3 and H2

were 0.6, 0.6, 1.5 and 20 SCCM, respectively. The

of RF power with 20 SCCM of H 2 flow. It is pressure in the growth chamber was 2.5 X 10 - 2 Pa
considered that hydrogen ions are hardly pro- with H 2 flow and 1.5 x 10 - 3 Pa without H 2 flow.
duced by the radical beam gun. Arsine (AsH 3) is The pressures of TMGa, TEGa and AsH 3 were
cracked by the tantalum baffles, which are main- 4 X 10 - 4 , 2 x 10 - 4 and 1.9 X 10 - 3 Pa, respec-
tained at 850°C. tively, on the beam flux monitor in the MBE

chamber.
Prior to the ALE growth, an about 200 nm

3. Removal of native oxide of GaAs substrate thick undoped GaAs layer was grown using Ga
metal and AsH3 . The reflection high energy elec-

An n-type GaAs(100) ± 0.10 wafer was used as tron diffraction (RHEED) pattern of the surface
the substrate. After a chemical treatment with showed the 2 x 4 surface reconstruction of an
sulfuric acid, the wafer was mounted on a arsenic stabilized surface. When the substrate tem-
molybdenum block using indium metal, and it was perature was decreased to 500 'C, the RHEED
then introduced into the growth chamber. It was pattern of the surface was changed into the c(4 x 4)
heated at 350 C at a thermocouple behind the pattern. The growth rates of the GaAs layer using
Mo block. Then hydrogen radicals were supplied TMGa and TEGa were both 4 nm/min without
for a sufficient time, and the wafer was transferred H 2 flow and both 3 nm/min with H2 flow, re-
to the analysis chamber in order to obtain an spectively.
Auger electron spectrum from the surface of the In the ALE experiments, TMGa, TEGa and
wafer. These procedures were repeated several AsH 3 were supplied sequentially, as shown in fig.
times. 2. These sequences were repeated for 150 cycles.

Fig. I shows the dependence of intensity ratio Grown layer thicknesses were measured from
of oxygen and arsenic Auger peak as a function of cross-sectional views using the Hitachi S-900 scan-
irradiation time of hydrogen radicals. In the fig- ning electron microscope with a resolution of 0.8
ure, the intensity ratio of oxygen and arsenic nm.
Auger peak decreases with time; therefore, the
native oxide on the surface of the GaAs wafer was 4.2. The effect of hydrogen radicals on ALE
removed. When hydrogen was supplied without
electrodeless discharge, the intensity of the oxygen Fig. 3 shows the thickness of GaAs per cycle as
Auger peak did not decrease at 350"C. It was a function of TMGa supply duration for the se-
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I cycle

aTEGa=1 ML/cycle
AsH3 TMGa AsH2 a Tg-500"C

~0
20

I cycle 0

AsH3 TEGa TMGa AsH3 b

_____________ _____I

0 10 20 30 40 50 60 s

Fig. 2. Time sequences of source supplies: (a) TMGa and 0'
AsH 3 supplied alternately for a GaAs substrate and (b) TEGa, 0 5 1 0 15

TMGa and AsH1 supplied sequentially. The TMGa supply TMGa supply duration (s)
duration is varied from 5 to 20 s and the TEGa supply Fig. 4. Thickness of GaAs per cycle as a function of TMGa
duration is 5 s, which corresponds to I ML of GaAs growth. supply duration for the sequence of fig. 2b at a growth temper-

AsH 3 supply duration is 10s. ature of 500°C. The TEGa supply duration is 5 s. which
corresponds to I ML of GaAs growth. The pressure of hydro-

quence of fig. 2a at a growth temperature of gen radicals is 2.5 x 0 - 
2 Pa.

500 oC. In the figure, the thickness of GaAs per

cycle increases with TMGa supply duration and radicals removed the laer that limited adsortion
no saturation phenomena are observed, whereas ol
the thickness of GaAs per cycle was saturated at 1
monolayer (ML) when hydrogen radicals were notsupple [5]. wen al droted thdicat TMr a no 4.3. The effect of hydrogen radicals on TEGa mole-supplied [5]. We already reported that TMGa clcule
molecules do not adsorb on TMGa molecules or
their derivatives but adsorb on Ga atoms, and thatTM~amolculs d no decmpoe ito a aoms It is well known that in the case of using TEGaTM Ga molecules do not decompose into Ga atoms a o re efl mtn r wh d e o c u[5] Th fct hatth thcknssof GaAs per cycle as a source, self-limiting growth does not occur
[5]. The fact that the thickness when TEGa and AsH 3 are supplied alternately at
did not saturate at 1 ML shows that the hydrogen a growth temperature of 500' C. We already ex-

amined the growth rate of GaAs for the sequence
shown in fig. 2b without hydrogen radical pressure

: TgO500C [7]. As a result, it is considered that TEGa mole-
.. cules do not decompose into Ga atoms and TMGa
0 molecules do not adsorb on TEGa molecules or
U- o O their derivatives. In order to examine the effect of

hydrogen radicals on a layer that was produced by
TEGa molecules and limited adsorption of TMGa

C molecules, the thickness of GaAs per cycle was
A / examined for the sequence of fig. 2b with irradia-

tion of hydrogen radicals. Fig. 4 shows the thick-
ness of GaAs ner cycle as a function of TMGa

0 5 10 1 5 20 25 supply duration for the sequence of fig. 2b at a
growth temperature of 500 * C. In the figure, the

FfGas ura ction o thickness of GaAs increases with TMGa supply
Fig. 3. Thickness of GaAs per cycle as a function of TMGa duration. Therefore it is considered that hydrogen
supply duration for the sequence of fig. 2a at a growth temper-

ature of 500*C. The pressure of hydrogen radicals is 2.5 x 10-2 radicals can remove a layer that limits adsorption
Pa. of TMGa molecules.
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S IIdesorbed from the surface, as shown in fig. 5b.
() ) (8 (G) Therefore, the Ga atom remain: on the GaAs

surface. As TMGa molecules adsorb on a Ga
amd atom [5] an excess GaAs layer of 1ML is grown

aI P for 1 cycle, as shown in fig. 5c.
(V~Ga Ga Ga Ga) In these experiments, the thickness of GaAs

layer per cycle was not proportional to TMGa
GaAs substrate supply duration. The reasons are considered as

follows. Hydrogen radicals produced by the radi-
cal beam gun are insufficient, and the reaction
time of hydrogen radicals with the adsorbed
TMGa molecules is longer compared with that of
the source supply.

b It was considered that hydrogen radicals do
a Ga Ghave the ability to cut the bond of a Ga atom and

carbon in both TMGa and TEGa molecules. It is
GaAs substrate important that the amount of carbon impurities is

decreased maintaining the characteristics of self-
limiting growth. In this experiment, self-limiting
growth was not achieved, since hydrogen radicals
were constantly supplied during growth. We be-
lieve that ALE growth with low carbon concentra-

C Ga aGaaA~-a- tion can be achieved by the following procedure.
First, I ML of TMGa molecules is adsorbed on a

GaAs substrate GaAs surface by the excess I ML supply of TMGa.
Next, hydrogen radicals are supplied for a suffi-

Fig. 5. Growth kinetic model for surface chemical reactions of cient time, and 1 ML of Ga atom without carbon
hdrogen radicals and metalorganic molecules: (6) CH3: (0) may remain. I ML of GaAs is grown when AsH3

C2 H. is supplied.

5. Discussion 6. Summary

Fig. 5 shows schematically a model for surface The effects of hydrogen radicals on MOMBE
chemical reactions of hydrogen radicals and were examined. It was found that native oxide of

metalorganic molecules. When TMGa or TEGa GaAs can be removed undei hydrogen radical
molecules are irradiated onto the GaAs surface, exposure. The growth rates of C-aAs were mea-
TMGa or TEGa molecules decompose into mole- sured in sequence where TMGa. TEGa and AsH 3

cules such as monomethylgallium (MMGa) or were supplied under hydrogen radical pressure.
monoethylgallium (MEGa), and these molecules The self-limiting growth to 1 ML of GaAs growth
adsorb on the GaAs surface, as shown in fig. 5a. was not observed when TMGa and AsH 3 were
When TMGa molecules are irradiated onto ad- supplied alternately to a GaAs substrate under
sorbed MMGa or MEGa, they cannot adsorb on hydrogen radical pressure. It was also observed
MMGa or MEGa. When hydrogen radicals are that TEGa did not limit TMGa adsorption on it.
irradiated onto adsorbed MMGa or MEGa, they It was considered that TMGa molecules adsorb on
react with MMGa or MEGa. As a result of the TMGa and TEGa molecules or their derivatives
hydrogen radical reaction with MMGa or MEGa, on the surface of a GaAs substrate under hydro-
either methane or ethane may be produced and gen radical pressure. It was also considered that
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p '/N GaAs-A1GaAs heterostructures grown by gas source MBE
using gaseous p- and n-type dopant sources

A. Sandhu, T. Fujii. H. Ando, T. Takahashi, H. Ishikawa and N. Yokoyama
Fujitsu Laboratories Ltd.. 10-I Morinosato-Wakamoia, Atsugi 243-01. Japan

We report on the first growth of p'/N GaAs-AI,Ga- ,As heterostructures using all gaseous sources by gas source MBE
(GSMBE). GaAs was doped p-type (1.3x 102()cm 3) using trimethylgallium as both a dopant and group Ill source and AI,Ga, ,As
(,Y = 0-0.28) was doped n-type (5 x 1 0 17 cm 3) using uncracked disilane as an n-type dopant and triethylgallium and triethyl-
aluminium as group III sources. In both cases 100% arsine was used as the group V source. The current-voltage ideality factor of the
heteroj unctions was found to depend on the aluminium mole fraction of AI ,Ga 1 - As (x = 0.12. 0.23. 0.28) and the width (1s = 5.
10. 20 nm) of an undoped GaAs spacer layer at the heterojunction. A value of 1.17 was obtained for a heterostructure with x = 0.23
and .s = 20 nm.

1. Introduction and p-type GaAs by gas source MBE using dis-
ilane (Si2 H6 ) and trimethylgallium (Ga(CH3 ), .

The growth of III-V semiconductors in ultra- TMG) as gaseous dopant sources [6]. We have
high vacuum using metalorganic group III sources taken this investigation a stage further, and in this
and hydride group V sources has become an ex- paper report the first growth of p+/N GaAs-Al
tremely active field of research [1-41. Henceforth. GaAs heterostructures by GSMBE using the
this growth method will be referred to as gas aforementioned gaseous dopant sources. We pre-
source MBE (GSMBE). From this research, it has sent the electrical and secondary ion mass spec-
become apparent that the reproducible doping of troscopy data on the (Al, Ga)As epilayers and
IIl-V compound semiconductors using conven- heterostructures doped using SiH 6 and TMG,
tional "hot" solid sources contained in Knudsen and show that "cold" dopant sources are a practi-
cells is not reproducible over long periods of time, cal alternative to "hot" solid sources for the growth
due to the formation of nonvolatile metalorganic of p /N GaAs-AIGaAs heterostructures by
related species in the effusion cell [5]. Thus for GSMBE.
practical applications of GSMBE. it is important
to be able to reproducibly dope IlI-V semicon-
ductors both n-type and p-type. Without such a 2. Experimental
doping ability it will be very difficult to reproduci-
bly realize high performance electron devices, such All the epilayers were grown on semi-insulating
as heterojunction bipolar transistors (HBTs). (100) GaAs substrates in a VG80H MBE growth
where it is necessary to grow appropriately design- chamber using a totally independently designed
ed p '/N heterojunctions. Possible alternatives to gas handling system. Cracked AsH 3  (100%.
"hot" solid sources would be "cold" gaseous 1100*C) was used as a group V source and its
sources which do not require any form of cracking flow rate was regulated using a mass flow con-
and which incorporate readily under normal troller. In the n-type growth of the AIGa, - As
growth cotnditions. We have previously reported (x = 0-0.28), triethylgallium (Ga(C 2H3 ) , TEG)
on the growth of n-type AIlGat,As (x = 0-0.28) and triethylaluminium (AI(CHs) 3 , TEA) were

0022-0248/91/$03.5, 1991 - Elsevier Science Publishers B.V. (North-Holland)
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used as group III sources, and uncracked 10% photo-lithographic processes, and conventional
disilane in hydrogen (SiH,) as the n-type dopant wet chemical etching.
source. Growth of p-type GaAs was carried out
using trimethylgallium (Ga(CH3) 3, TMG) as both
the p-type dopant and group III source. All metal- 3. Results and discussion
organics were introduced into the growth chamber
without the use of a carrier gas and the flow rate Figs. Ia and lb show the variation of the GaAs
was controlled by measuring the pressure dif- hole concentration and mobility with substrate
ference at a flow element and then feeding the temperature and V/III ratio, respectively. All the
signal to a control valve. A detailed account of the p-type GaAs epilayers studied had excellent mir-
group III gas handling system has been published ror morphologies. The GaAs epilayer mobilities
elsewhere [7]. The GaAs-AIGaAs heterostructures varied between 100 cm 2/V • s at a hole concentra-
were grown at a substrate temperature of 580 0 C, tion of 6.3 X 10's cm - 3 and 60 cm 2/V - s at hole
which was monitored using a calibrated infrared concentration of 1.3 X 1020 cm '. These results
pyrometer. are considered to be comparable or better than

The electron concentration of n-type Al, those of p-type GaAs epilayers grown by other
Ga, _As (x = 0-0.28) was determined by C-V methods [8]. It can be seen that the GaAs epilayer
measurements on aluminium Schottky diodes, and hole concentration is relatively insensitive to sub-
the hole concentration and mobility of p-type strate temperature, but is strongly dependent on
GaAs were measured at room temperature by the the V/III ratio. Our results show opposite trends
standard Van der Pauw-Hall method using in- from results on the growth of p-type GaAs using a
dium ohmic contacts. The atomic concentrations combination of TMG-As4,. where the hole con-
of Si in the n-type Al Ga, -As epilayers and Si centration was reported to decrease drastically
and C in the p-/N GaAs-GaAl_, - As hetero- with increasing substrate temperature and to be
structures were obtained from secondary ion mass very weakly dependent on the V/Ill ratio [9]. It
spectroscopy (SIMS) measurements using Cs' ions can be speculated that carbon incorporation using
for sputtering. The atomic concentrations of C the TMG-AsH3 combination is governed by the
and Si were determined by comparison with ion- reaction of TMG by-products with active hydro-
implanted reference samples. In the case of n-type gen (which is abundantly present as a by-product
AIGaAs. the reference samples were Si-implanted of cracked arsine), and not by thermal pyrolysis of
GaAs and A10. 3Ga0)7As. Current-voltage mea- TMG as has been proposed in the case of TMG-
surements were made on mesa diodes having a As4 . From the practical point of view, our results
diameter of 200 [Lm, which were fabricated by show that the hole concentration of GaAs can be

1021 100 1021

& .t Tsub =580C

E > E
C~ ' ~~20

C 0 oo E

IV 102 -to o10 10 0E

(Vlli ratio =0.48 0

S40 560 580 600 620 1 0 ,a1(b)

Substrate temperature (1C) 0 2 4 6
V /Ill ratio

Fig. 1. Variation of GaAs epilayer hole concentration and mobility with (a) substrate temperature and (b) V/Ill ratio.
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1019 1019 Fig. 2 shows the variation of the electron and

n-AIxGal.x As E o silicon atomic concentration of n-type AlGa,
E As (x = 0. 0.12, 0.23, 0.28) with Si 2H 6 flow rate.

7 ,' - All the silicon doped epilayers had excellent mir-
, . ror morphologies. It can be seen that the atomic

' A S concentration of silicon varies linearly with Si 2H,S10
e  10

le :
. 10 C flow rate for all aluminium compositions (dashed
C

o lines indicate a slope of unity). However, the
C 11. Ine il 0S

0 0 xo ._ electron concentration of Al ,Gat - As for x =0
A A x=0.12 E and 0.12 varies sublinearly (approximately square

C ) )--.23 ) root) with the Si,H 6 flow rate and for x = 0.23

M 117 0 * x=0.28 117 anUbcoe1 t0" __........ .....____ _ .x0"_an 10d 0.28. the dependence becomes superlinear.
0.1 1 10 The electron concentration dependencies are dif-

SirH6 flow rate (sccm) ferent from those of n-type (Al. Ga)As grown by

Fig. 2. Variation of the electron and silicon atomic concentra- low pressure MOCVD using disilane as a dopant.
tion of Al,Gal ,As (x = 0-0.28) epilavers with Si,H, flow where the electron concentration was reported to
rate. The data are normalized to an epilaver growth rate of I

m,'h. For x = 0 (GaAs) =610'C and AsH,= 2 SCCM. exhibit a linear dependence on the Si,H, flow

For x =0.12. 0.23 and 0.28. Th, = 5800 C and AsH, =4 rate and to be independent of the Al mole fraction
SCCM. The dashed lines indicate a unity slope and the solid [101. Further investigations are necessary in order

lines are inserted to make reading of data easier, to be able to explain the different trends because

the dissociation paths of Si,H, and the conse-
quent incorporation mechanisms of silicon in
GSMBE are not understood, but the role of the

changed between 6.3 x 10s and 1.3 x 102 cm 3 stagnant layer (which does not exist under normal
by varying the TMG and AsH 3 flow rates (i.e. GSMBE growth conditions where the pressure
V/Ill ratio), which is much more accurate and during growth is typically 5 x 10 Torr) appears
simpler than if it were necessary to adjust the to be the key factor in explaining the differences
substrate temperature. in the results. However. our results clearly show

10 21 SIMS profile of Al0 23 Ga0 77 As'GaAs 
1 0
7

GaAs [150 nm I .s= 10 nm

n = 2 xi0 errS
3  10 

-

E 19
A -.Ga ,9 As 1150 nm, x=O.12, 0.23, 0.28 .o 1019 101

n= 5 xl0'
7
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3  Si

Spacer layer lAs) [5,10,20 nml E 91

p -GaAs[200nml 0 17 10 Z
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Fig 3. (a) The specifications of all the p*/N AI,Gal ,As heterostructures investigated. (hN The SIMS profile of a p'/N
Al 1, 21GaO w7 As heterostructure (.s = 10 nm).
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that Si 2 H6 dissociates readily at normal growth ground carbon concentration of I x 101$ cm -3

temperatures and that it is a suitable n-type "cold" the C- V data from the same epilayer reveal a hole
dopant source for AlGa _As (x = 0-0.28) concentration of only I X 10' 7 cm- 3 . In the case of
grown by GSMBE. these p */N heterostructures, C- V measurements

Based on the doping results described above, a were used to confirm that the AIGaAs layers were
series of p +/N GaAs-A Ga _,As heterostruc- n-type having electron densities of 5 x 10 17 cm- 3.
tures were grown and the electrical properties of Fig. 4a shows the typical I- V characteristics of
the heterojunctions evaluated from the ideality the p+/N GaAs-Al IGa,,As heterostructures
factor of the heterojunction I-V characteristics, grown in this study. The characteristics are of a
The variable growth parameters were the p 4 /N GaAs-Al0 .23Ga 0 .77As heterostructure hav-
aluminium composition (x) of the AI,1Ga_,As ing a spacer layer width of 10 nm. The ideality
layer and the width of an undoped GaAs spacer factors (17) of the heterojunctions were determined
layer (As) inserted between p'-GaAs and n-Al from such I-V data and fig. 4b shows the varia-
Gat - As layers. The specifications and SIMS pro- tion of n with Al mole fraction (x) and spacer
file (for x = 0.23 and As = 10 nm) of the p*/N layer width (As) of all the heterostructures grown.
GaAs-AIGa, _As heterostructures are shown in A value of 1.17 was obtained for x =0.23 and
figs. 3a and 3b. respectively. The SIMS data shows As = 20 nm. It can be seen that sq is relatively
that the carbon profile of the p'-GaAs layer (1.3 insensitive to the spacer layer width, but that it
X 10 -

11 cm 3) is very abrupt. falling to the back- has a more pronounced dependence on x. Further
ground carbon level of the adjacent Alo., 3Ga,1 73As investigations are now underway in order to ex-
laver within about 25 nm. This result confirms the plain the observed increase in the magnitude of 71
previous reports on the extremely small diffusion with increasing aluminium mole fraction, with
constant of carbon in GaAs at high doping level particular emphasis on the role of recombination
[11]. It can be seen that the carbon concentration centres in the vicinity of the heterojunction deple-
is higher than that of Si in the Al(. 23Gao.77As tion region.
laver. This would suggest that the AIGaAs should The very encouraging ideality factor results of
he p-type. However, as we have previously re- the p '/N GaAs-AIGaAs heterostructures indi-
ported [12]. the background carbon in A1GaAs cate that TMG and uncracked Si.H 6 are practical
epilavers grown by GSMBE is not 100% electri- alternatives to conventional solid dopant sources
callv active and, for example, when SIMS data for the growth of such structures by GSMBE.
from an undoped AIGaAs layer show a back- These results are very promising for the potential

1E-0 spacer width (As)

GaAs-Alo.23Ga o.77As [nm

s = 10 m20

1E-4
0.28 1.60 -

0.23 1.24 1.20 1.17

0.12 - 1.15

1E-12 _ _ _ __
0 0.2 0.4 0.6 0.8

(a) Forward voltage (V) (b)

Fig. 4. 1a) lhe /- I' characteristics of a p'N GaAs-Al 1 ,1GaO.77As heteromdructure (As = 10 nm). (b) The variation of the ideality
factor (r1) with A) mole fraction (x) and spacer layer width (.As) of all the heterostructures investigated.
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Use of CCl 4 and CHC13 in gas source molecular beam epitaxy
for carbon. doping of GaAs and GaIn _xP

T.J. de Lyon, N.I. Buchan, P.D. Kirchner, J.M. Woodall, D.T. Mclnturff, G.J. Scilla
and F. Cardone
IBM Research Division. Thomas J. Watson Research Center, P.O. Box 218, Yorktown Heights. New York 10598. USA

Carbon tetrachloride (CCI4 ) and chloroform (CHCI3) have been studied as carbon doping sources for the compound
semiconductors GaAs, GaP, lnP. and Ga0 lln) 49P grown by gas source MBE from elemental Group Ill sources and thermally
cracked Group V hydride sources. Hole concentrations up to 1.3 X 02o cm- have been measured by Hall effect in CCI4 -doped
GaAs. which agrees closely with the atomic C concentration from secondary ion mass spectrometry, indicating complete electrical
activity of the incorporated carbon. For comparable dopant flow rates, use of CHCI 3 results in carbon and hole concentrations
approximately a factor of 15 lower than that from CCI4 . The sensitivity of carbon incorporation to varying substrate temperature and
V/Ill ratio has been observed to be significantly reduced with CCI4 and CHCI3 from that obtained under similar growth conditions
with trimethylgallium (TMG) in metalorganic MBE (MOMBE). The GaAs growth rate is unaffected by the CC' 4 flux over the range
of CC14 flow investigated. CC14 has also been successfully employed as a carbon doping source for GaP. with a hole concentration of
1x 1020cm ' achieved for growth at 600*C. Films of Ga,,,lnn, 4 9 P grown at 515'C exhibit only marginal p-type conductivity with

p = 5 x 101" cm 1 when doped with CCI 4 , despite an incorporated atomic concentration of [Cl = 5 x 1015 cm 1. Films of tinP grown

at 515
0

C are n-type with n = 9 X 10' cm 
3 

despite substantial incorporated carbon equal to I x 10
2
" cm 

'
.

1. Introduction CCI 4 has recently been studied as a carbon
doping source for GaAs grown by OMVPE [2.4].

The use of carbon as an intentional p-type Similar investigations in the case of MBE have not
dopant species for films of GaAs and Al,Ga, - As yet been undertaken. Carbon doping in MBE has
has recently become a topic of great interest be- thus far been limited to studies utilizing either a
cause of the extremely high substitutional con- graphite filament source [51 in conventional solid
centration that can be achieved, with doping in source MBE or trimethylgallium (TMG) in meta-
excess of I x 109 cm - having been demonstrated lorganic MBE (MOMBE) [6]. Likewise, very little
by organometallic vapor phase epitaxy (OMVPE) work has been reported to date on the incorpora-
(1,2] and beyond I x 1021 cm - 3 in the case of tion and electrical activity of high concentrations
metalorganic molecular beam epitaxy (MOMBE) of carbon in III-V compound semiconductors
[3]. Such high levels of carbon doping facilitate the other than GaAs [7.8]. Because of their visible
formation of ohmic contacts to p-type GaAs and emission spectrum, GaP and Ga0 _,ln 0 44 P are im-
AIGa, ,As layers and minimize the parasitic portant semiconductor materials for optical de-
sheet and bulk resistances associated with p-type vices such as light-emitting diodes and laser di-
layers in device structures such as the Npn hetero- odes. It is of interest, therefore, to investigate the
junction bipolar transistor. Just as important as possibility of extending the usefulness of carbon
the high doping level achievable with carbon dop- as a dopant species beyond Al Ga, -- As to other
ing sources is the extremely low diffusion coeffi- related IlI-V optoelectronic materials. In this
cient [1] of carbon relative to other p-type doping paper. we report on the first use of CCI4 and the
species such as beryllium, magnesium, and zinc. related halomethane, CHCIV, as carbon doping

0022-0248/91/$03.50 '1991 - Elsevier Science Publishers B.V. (North-Holland)
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sources for the MBE growth of GaAs, GaP. InP. flow delivered to the growth chamber, the Antoine
and Ga 0 sIno49P (GaInP). equations for the temperature dependence of the

vapor pressures of CCI4 and CHCI 3 were used 19].

2. Experimental details
3. Results and discussion

All epitaxial films reported in this study were
grown in a Varian Gen II Modular Gas Source 3.1. GaAs growth
MBE system. Pure PH 3 (99.9992% purity) and
AsH, (99.9995% purity) were thermally cracked in Films of GaAs doped with either CCI4 or
a low pressure cracking furnace operated in the CHCI, exhibit 100% electrical activation of the
range 850-950'C. Elemental Ga and In sources carbon dopant over the concentration range of
in conventional MBE Knudsen cells were utilized 10i18_02 cm 3'. The dependence of SIMS carbon
for the growth of all films doped with CCI4 or concentration on dopant flow rate is summarized
CHCI,. For comparison. GaAs films were also in fig. 1. With both doping sources, the atomic
grown with TMG. in which case the TMG was carbon concentration varies in a well-controlled,
transported by palladium-purified hydrogen car- linear fashion with dopant flow. The CCI4 curve
rier gas metered with mass flow controllers. Elec- shows slight saturation as the atomic carbon con-
tronic grade CCI4 and CHCI3 were transported centration reaches 2 x 1021 cm- 3. In addition, the
from temperature-controlled stainless steel bub- surface morphology and hole mobilities are sig-
blers with a hydrogen carrier gas during the dop- nificantly degraded for CCI4 flow beyond about 4
ing experiments. The growth rates of all epilayers SCCM corresponding to a hole concentration of
were in the range of 0.65-1.0 p/h. Substrate heat- 1.5 X 1021 cm- 3. For comparable dopant flow
ing of the GaAs and InP substrates was accom- rates, CC' 4 appears to be a more efficient doping
plished radiatively. while GaP substrates were source than CHCI3 by about a factor of 15, which
bonded with In/Ga eutectic solder to molybde- is similar to the result obtained in OMVPE [9].
num blocks. After ex situ chemical cleaning, the
substrates were thermally cleaned in the growth
chamber at 620'C (GaAs). 550'C (InP). or loll
650°C (GaP) under the appropriate Group V E
flux. During epilayer growth. the chamber pres- , o
sure was in the range (1-7) x 10 - T. r GOP A

For characterization of the carbon incorpora- o20 InP A
tion. Hall effect and secondary ion mass spec-
trometry (SIMS) measurements were performed. QA glnP

0 /7For calibration of the SIMS measurements, 12C- C. #A 4
implanted standards of GaAs. GaP, InP. and 1019 A i
GalnP were utilized. The SIMS characterizations Gafs-CC 4

of the samoles were performed in a Cameca IMS AV)
3f instrument, using Cs' ion bombardment at 10 _ GaAs-CHCI,

kV with negative secondary ion detection of the 10 1 . . .
)2C- ion. The 12C- background signal corre- I0- a F0° 101

sponded to a carbon concentration of about (1-2) Holomethone Flow (sccm)
X 10"7 cm- . Double crystal X-ray diffraction Fig. 1. SIMS carbon incorporation for CCI 4 in GaAs (A). GaP
measurements were made to confirm lattice- (0). InP (0), and Gai,,In,,,P (0). and for CHCI 3 in GaAs
matching of the GalnP films to the GaAs sub- (,,) as a function of the dopant flow rate. The dopant flowrates have been determined from carrier gas flow rates usingstrates with mismatch less than 2 X 10--3. vapor pressure data 191 and the carbon concentrations have

For computation of the actual halomethane been scaled for a common growth rate of 1.0 ptm/h.
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It should be noted that neither CCI4 nor CHCI3  T (°C)
affected the GaAs growth rate over the doping 1021 700 650 600 550 500 450
range displayed in fig. 1. Direct control of doping
levels with dopant flow rate and the decoupling of E TMG/As 4E
doping level from growth rate are advantages of
these doping sources with respect to either TMG
or triethylgallium (TEG). With TMG and TEG, .2 1020
variations in growth parameters such as precursor C •

flow rate, substrate temperature. or V/Ill ratio C TMG/ASH 3 o 0-
that might be utilized to control carbon incorpora- 0
tion also have the undesirable effect of signifi- g 1019 A

cantly perturbing the growth rate [10,11]. thus e -ACHCI3
complicating control of the epitaxial process. With
CCI 4 and CHCI 3, the doping level can be changedM

simply by changing the hydrogen carrier gas flowwithout affecting the GaAs growth rate, which is 1018 - .10- 1 ---- .-- 1.4
determined solely by the Ga arrival rate. 1 O0/T (K 1)

The carbon doping from CC]4 and CHCI3 is
much less sensitive to variation in substrate tem- Fig. 2. Growth temperature dependence of the SIMS carbon

concentration in GaAs doped with various precursors. Theperature during growth than that associated with dt o M/s r ae rmrf ] h s 3  C 4data for TMG/As 4 are taken from ref. 131. The ASH3, CCI. ,
either TMG/AsH 3 or TMG/As4 . Fig. 2 is a di- and CHCI flow rates are each fixed at 3 SCCM and the
rect comparison of the growth temperature depen- growth rate is I j±m/h.

dences of atomic carbon concentration for these
sources with a fixed AsH 3 flow of 3 SCCM. The
carbon incorporation from CCI4/AsH 3 is a factor 600'C. It can be concluded that replacing CH,
of 2-3.5 above that achieved with TMG/AsH3  surface species with more weakly bound CCI,
and increases at higher growth temperature. in species allows surface decomposition to more ef-
contrast to the decrease in carbon concentration fectively compete with desorption as the tempera-
observed for TMG with increasing growth temper- ture increases. This property of Cl ligands suggests
ature. The level of carbon incorporation is de- that CCI4 is to be preferred over TMG as a
termined by the competition between decomposi- dopant source in situations requiring heavy carbon
tion and desorption processes involving adsorbed doping at growth temperatures greater than
CH, (TMG doping) and CCI, (CCI4 or CHCI3  600 0 C.
doping) species. Higher growth temperatures Sequential replacement of strongly bound H
would tend to enhance both the decomposition ligands (- 104 kcal/mol) with weakly bound Cl
and desorption rates of surface-adsorbed CH, and ligands (- 78 kcal/mol [121) in the halomethane
CCI,, so that the temperature dependence of the precursor affects not only the temperature depen-
incorporated carbon would be determined by the dence of carbon incorporation, but also the ef-
relative magnitudes of the activation energies ( EA) ficiency of the doping source, which is evident in
for these two processes. If the value of EA for the data for CC14 and CHC13 in fig. 1. Decom-
surface decomposition is higher than that for de- position is expected to occur more rapidly in the
sorption. then the carbon level would increase more highly substituted halomethane, leading to
with increasing growth temperature, as in the case increased carbon incorporation efficiency. A simi-
of CCI4 doping. The temperature dependence of lar trend has been reported in OMPVE [9]. Con-
carbon incorporation from TMG/AsH 3 suggests trolled p-type doping at levels below 1 X 101x CM- 3
that the activation energy for desorption of might then be obtained by utilizing halomethanes
surface-adsorbed CH, is higher than that for de- with fewer replacement halogen atoms, such as
composition over the temperature range of 520- CHICI or CH 2Ci 2.
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In order to achieve the very highest levels of for the reduced variation of carbon content with
carbon incorporation with TMG, i.e., approaching AsH 3 flow in GSMBE using halomethanes is not
1 x 1021 cm - -, As 4 rather than cracked AsH 3 is understood at present, although it may be related
usually employed [3], although a high doping level to differences in the form of the predominant As
of 5 x 1020 cm - 3 has also been reported for GaAs species employed in the two growth techniques.
grown at 1.8 tm/h with TMG/AsH3 [13]. In e.g., As or As, in GSMBE versus AsH, in
addition. He is generally used as a carrier gas for OMVPE.
the TMG rather than H, and the growth temper- The electrical, optical. and structural properties
ature must be reduced below 550'C. As we have of heavily carbon-doped films of GaAs grown
been unable to achieve this level of carbon doping with CC!4 appear to be quite similar to those of
with CCI4 due to degradation in layer mor- films grown with TMG. For films with p = 1 x
phology, TMG continues to be the only available 1020 cm - 3 . 300 K Hall mobilities of 60 cm 2/V -s
doping system for applications requiring ex- are measured for both CCI4 and TMG doping.
tremely high carbon doping beyond 2 x 1020 cm- 3 Likewise, the FWHM of epilayer X-ray diffraction

In addition to its favorable temperature depen- peaks are also almost identical for both CCI4 and
dence. CCI4 is also less sensitive as a dopant TMG at 40-50 arc sec for 1.35-tam-thick films
source to V/Ill ratio than is TMG. Fig. 3 com- doped at 1.2 X 102" cm-3. The 300 K photo-
pares the dependence of carbon incorporation on luminescence peak intensity of layers grown with
AsH 3 flow rate for films grown with CCI 4. CHCI3 . CCI 4 is within a factor of 2 of that from films
and TMG at 600° C. While the carbon incorpora- comparably doped with TMG. The abruptness of
tion varies inverse linearly with AsH 3 flow rate for doping turn-on and turn-off is estimated to be less
the TMG case. the carbon incorporation from than 150-200 A/decade for both CC14 and TMG.
CCI 4 and CHCI3 is approximately inversely pro- corresponding to the depth resolution limit of
portional to the square root of the AsH 3 flow rate. SIMS analyses.
This behavior of CCI4 and CHCI3 in GSMBE The potential for Cl contamination of epilavers
differs from that observed in OMVPE [9], in which must be considered with chloromethane doping
the carbon incorporation varies with an inverse sources. SIMS measurements indicate that the Cl
superlinear dependence on AsH 3 flow. The reason content of films grown with either CCI 4 or CHCI,

is below the SIMS detection. limit of I X 10"v

cm 3

120 3.2. GaP growth

E

C * CCI 4  We have previousl demonstrated that TMG
TMGA can be used to carbon-dope GaP in a manner

similar to GaAs [8]. In this present study, CCI4
o0 has also been successfully applied to carbon-dope0 CHC13 A

GaP films grown with elemental Ga and thermallv" A ] cracked PH,. At a growth temperature of 600 C.

A a growth rate of 0.65 Am/h, and with 4 SCCM of
T=600C PH 3, a hole concentration of I X 102" cm ' and a

V) 1018 300 K hole mobility of 25 cm 2/V .s have been
!00 101 102 measured for a CCI4 flow of 1.2 SCCM. The

AsH 3 Flow (sccm) doping efficiency of CCI 4 in GaP is only slightly

Fig. 3, Variation of SIMS carbon concentration with AsH higher than that observed in GaAs under similar
flow rate in GaAs doped with various precursors at a growth growth conditions (see the GaP data point in fig.
temperature of 600°C. The CCI 4 and CHC1, flow rates are 1). suggesting that the carbon incorporation from

each 3 SCCM. and the growth rate is I Mm/h. CCI, is relatively insensitive to differences in
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surface chemistry associated with the different and a low 77 K Hall mobility of 740 cm2/V • s. By
Group V species. PH, and AsH,. comparison, a nomnally undoped lnP epilayer

grown in our system typically has a measured 77
3.3. GaInP growth K mobility of 2650 cm 2/V - s at an electron con-

centration of 3.2 X 1017 cm 3. If these 77 K mobil-
ities are primarily determined by ionized impurity

Previous attempts to carbon-dope Ga0 .511n 0.49 P scattering, then this result suggests that the carbon
by using TMG and elemental In in MOMBE have is self-compensating in InP grown by GSMBE.
been unsuccessful [8]. At a high growth tempera- The closeness of the compensation might be an
ture of 560 0 C, carbon incorporation in indication of a C-C pairing mechanism, although
Ga,In, - ,P is reduced by the presence of In in the further work is clearly necessary to clarify the
films, with the carbon concentration dropping by behavior of carbon in epitaxial InP. This work has
I decade for each 1.5% increase of InP mole demoraou hn tat the us o C ai

fraction above 5%. At a lower growth temperature gin
f 500'C. Aresuts in lower grow cmp carbon GSMBE is the only available epitaxial technique

for incorporating a substantial carbon concentra-
incorporation, but the Ga, sln,.4,P films are gen-
erally n-type with n = 2 X 10 17 cm ' . An even tion in InP. which should facilitate future studies

of carbon electrical activity in lnP.
higher concentration of carbon can be incorpo-
rated in GaInP from CC14 than has been possible
thus far with either TMG or TEG, as indicated by
the datum for Ga sjInO.4,P in fig. I at a growth 4. Conclusions
temperature of 515 0 C. Despite this atomic carbon
concentration of 5 x 10"' cm -3 however, Hall ef- Cd 4 and CHCI3 have been demonstrated to
fect measurements indicated a hole concentration be useful p-type dopant sources for carbon doping
of only 5 x 10"' cm ' . We have not been able to of GaAs and GaP grown by GSMBE. At corn-
determine whether the low carrier concentrations
in GalnP doped with either TMG or CCI 4 are due parable dopant flow rates. CC]4 is about 15 times

nonsubstitutionality of carbon, self-compensa- more efficient as a carbon doping source for GaAsto by occupation of caroup seln-op than CHC13. In comparison with TMG. CCI 4 and
tV by occupts, of both Group Ill and Group CHC13 result in carbon doping that is less sensi-

sublattice sites, and/or compensation by electri- tive to variation in substrate temperature and
call\ active native defects. In summary. even V/Ill ratio, and in addition allow for control of
though CCI, can carbon-dope Ga,15 lnO4 P an the carbon doping level independent of growth
order of magnitude more heavily than TMG., the~rate. For doping in excess of 2 x 102) cm 3. TMG
resulting p-type conductivity is too marginal at must still be used, but for doping around I x 102)
present to be of practical utility. cm - at high growth temperatures ( > 550 0 C) and

high V/Il ratios with AsH 3, CC14 can be used to
3.4. InP growth obtain substantially higher carbon doping than is

possible with TMG/AsH3 under similar growth
CC14 has not heretofore been studied as a conditions.

doping source for InP grown by GSMBE. When The CC14 doping results in GaAs extend read-
used in OMVPE in the temperature range of 580- ilv to GaP, with I X 102" cm -3 doping achievable
630'C. CCI4 has been shown to fail to incorpo- using elemental Ga and cracked PH3 . In
rate any measurable amount of carbon [14]. In Ga,, ,In.4,P and InP. however. CCI 4 does not
contrast, the data for lnP in fig. I suggest that in result in high levels of p-type conductivity, in spite
GSMBE. CCI, incorporates at least as efficiently of extremely high levels of incorporated atomic
in InP grown at 515°C as in GaAs grown at carbon. The exact cause of the poor electrical
600'C. Even with [C] = I x 102) cm '. however, activity of carbon in these In-containing corn-
the InP epilayer is n-type with n = 9 x 1017 cm - pounds is currently not understood.
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In-situ selective-area epitaxy of GaAs using a GaAs oxide layer
as a mask

Y. Hiratani. Y. Ohki. Y. Sugimoto and K. Akita
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Selecti% e-,rrea epi ta'\N of ( ia,-V " a, performed bNin -. talorgan ic molecular beami epiU t sUsing a ( a As om de inask. No deposition

I ptkcr\ ,tallne ia.A. \xas obsersed on a (;aAs oxide niask ifter the selectixe-area epitax' using Li trimieth\lgallium tT\t(;) arnd A"~
a, source material,. An ohsers ation of the decomnposition of T( NU indicated that it occurred abox e 35(1 ( i an i side- free surface of
Ga.-s. a hi Ic decotnposi tion did not occur below 5 50'( C on a G aAs oxide surface. Pit surface-catals wed diecomiposition of li

tx phin, i h e clecttvi t\ of Ga.As growth.

1. Introduction Regarding the patterning anid the removal of at
mlask. GaAs oxide is one of the promising mask

Thle selective-area epitax\ of a Ill-V corn- materials. Since the GiaAs oxide layer can he
Poitnd semiconductor is One of' thle promising patterned using an electron-beam-assisted chlorinec
techniques for the fabrication of devices wAith nex etching (EB etching) technique [31: the GiaAs oxide
structutres. such as quantum wkires or quantum lax-er can he actmoved hN heating a wafer Under anl
hoxes. Ini conventional selective-area epitaxv. the arsenic flux [4].
sutrface of thle %xvafer was often contaminated b,, There have been several reports [5.61 on selec-
air exposure. It is well kniown that contamination tive-area epitax combining at GaAs oxide mask
of the surface and interface degrades the char- wkith molecular beamn epitaxN (MBE) [5] or anl
actertstics oif the dev.ices. Then, there has been atttospheric metalorganic chemical vapor deposi-
ticreasting interest concerning in-situ selective-area tion I MOCVD) [6) method. In those studies, poix,-
cpitax\ aimned at eliminating contamination of a cr ')stalline GaAs w\as deposited onl thle GaAs oxtde
x,\afer suirface. Here. -in-situ" means, that all of la'ser. Since the deposited polycr\ stalline GaAs
thle required processes are performed continuIousy prevents the remloval of the GaAs oxide layer, the
in anl ultra-high vacuum (1< 1iV or in a high-pur- depositton must be suppressed. Onl the other hand.
it,, gas without exposing the wafer to air. no deposition of polvcrvstalline GaAs on the Si0-

To realize in-situ selective-area epitaxy, thle fol- mask %%as reported [11 using metal organic tnolecu-
1wxktng proc--sses hiave to be carried out w\ithout lar beam epitaxv I MOMBE). Therefore, a combhi-
exptosing the wafer to air. Thes are hI) the forma- nation of GaAs oxide mask and the MOMBE
tion of a mvask laver. (ii) patterning of the mask method is expected Lo be helpful for the in-situ
and 1 iii) removal of an's residual mask for over- select ive-area epitaxy of GaAs.
growth. In conventional selective-area epitaxv, of In this paper, wve report onl selective-area epi-
GaAs. a thin film of SiO. [l[ or SiN [21 is widels taxy of GaAs combining MOMBE and a GiaAs
used as the tmask. tio\ever, those mask materials, oxide mask. Ini terms of the results of mass spec-
do not meet the conditions of (ii) patterning and tronietrie measurements onl the decomposition of
( iii) remoival of those material without exposing the Source material, the mechanism of the selective
thle %~, .r to air. area epitaxv is discussed.

IX(2i25 91 $ol 50 1 t991 t-l sex ter Science 1u hI slers B. (Ni intt- I titarid
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2. Experimental apparatus the formed oxide layer was about 3 nm (measured
using ellipsometry).

A MOMBE svstem [71 and an EB etching sys- The wafer was then removed from the MOMBE
tern [31 were used for this experiment. The forma- system, and was loaded into the EB etching svs-
tion of a GaAs oxide layer and the growth of tem. A rectangular window (20 x 300 jm) was
GaAs were carried out using the MOMBE system opened on the GaAs oxide laver by scanning a 10
modified by adding an oxygen-supply line and a keV electron beam under C, flux. The etching
halogen-lamp unit. The patterning of the GaAs conditions were as follows: the substrate tempera-
oxide la\er vas performed in the EB etching sys- ture was 70°C. the electron dose was 3.8 x 101"
ten. electrons/cm and the Cl, flux density was 7 X

To stud, the mechanism of selective-area epi- 1016 molecules/cm2 
.

ta,\. an apertured. crvoshrouded quadrupole mass The patterned wafer was transferred from the
spectrometer [7] (QMS) and reflection high-energy EB etching system to the MOMBE system (within
electron diffraction (RHEED). attached the 2 min). Selective-area growth of GaAs was carried
MOMBE system. were used. out at 450'C by simultaneous (or alternating)

source supply mode. Trimethylgallium (TMG) and
3. Results and discussion As 4 were used as source materials. The beam

equivalent pressures of TMG and As, were 4 x

1. In-s tu schtcie-area epitaxv of 6'a,Tv 10 " and I x 10 ' Pa. respectively.
Fig. ]a shows a Nomarski microphotograph of

.-\n n-t'pc (100) GaAs wafer was used as the the wafer surface after selective-area epitax\ per-
subtrate s. The wafer was cleaned at 600-630'(' formed by alternating the source supply mode.
under an arsenic (As 4 ) flux in the MOMBE svs- The supply duration of TMG and As4 were 50
tem Then. a iaAs oxide laver was formed on the and 30 s. respectively. The sequence for the source

+afer b\ light irradiation from a halogen lamp supply was repeated 270 times. The rectangular
under ox',gen atmosphere. The oxidation condi- area corresponds to the window of the GaAs
tions "ere fixed as followvs: the oxygen pressure oxide laver. No deposition of polkcrystalline GaAs

as 1 - 10 Pa. the oxidation time was 15 min w\as observed on the oxide laser. Fig. lb shows a
'Ind the poIs.er densit\ of the light was 2.0 W.7cnr cross sectional profile of the wafer shown in fig.
at the surface of the substrate. The thickness of la. It was measUled using a st\lus profilometer.

100 20 40--8-0

t+as O ID.DITACE-pm

GR W50_

z" 0-

0 20 40 60 80 100
jGa+As OXIDEDITNE(m

I ig I Surfae morpholog, and cross-sectional profile of the \xafer after selectlise-area epita\s of (oai.i . ia) Noniarski rnicrophoto-
graph of the selectivel, grown GaAs layer, The rectangular area corresponds to the tindon of the GaA, oxide laer. (b)

(ross-sectional profile of the wafer shown in (a).
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The measured thickness of the selectively grown crvoshrouded QMS. The flux densities of -MG
GaAs layer was about 30 nm. and As4 were fixed at 4 x 10 " and I x 10 a Pa,

The same selectivity of GaAs growth was ob- respectively.
served in selective-area epitaxy performed by a The temperature dependence of the signal in-
simultaneous source supply mode. tensitv of Ga' and intensity ratio of DMG '/Ga"

The results of this experiment concerning selec- are shown in fig. 2. When TMG was supplied to
tive-area epitaxy demonstrate the possibility of an the (2 X 4) reconstructed surface (fig. 2a), the ratio
in-situ process from the formation of a mask film of DMG -/Ga ' was independent of the substrate
to overgrowth, followed by selective-area epitaxy. temperature up to 350 0C. and the RHEED pat-

tern showed the structure of (2 x 4). Above 350'C ,

the intensit, of Ga " decreased as the temperature
The mechanism of the selective-area epitaxy of increased. The ratio of DMG ,/Ga changed

GaAs was studied b\ measuring the desorbed above 350'(. The variation of Ga and DMG -i
species under a TMG (or TMG + As.) flux using Ga- indicates that the partially decomposed
mass spectrometry. The stud\ was carried out on species desorbed from the substrate. When the
two type, of surfaces: one was the surface of a changes of Ga and DMG "Ga - were observed.
GaAs oxide laver and the other was a 12 x 4) the RHEED pattern also changed from (2 X 4) to
reconstructed surface which simulated the window (0 X 2). Under an UHV atmosphere, the (2 x 4)
of the mask. A GaAs oxide laver was formed on a reconstructed surface was maintained up to 500'(
(100) GaAs wafer (5 cm in diameter) under the in the separate experiment. Thus. the change in
Name conditions as the mask formation for the the RHEED pattern suggests that the adsorption
selective-area epitaxy. The (2 X 4) reconstructed of a gallium-containing species occurred on the
surface '%kas prepared by heating the substrate at (2 X 4) reconstructed surface above 350('.
600 -630°C* under an A., flux. When FMG was supplied to the surface of the

Under a TMG (or TMG + As.) flux. the sub- GaAs oxide la,,er (fig. 2b). the ratio DlMG ',Ga
strate was heated from 150 to 550 0C at a rate of was independent of the substrate temperature be-
IO°C, min. The intensity of ;a' and dimeth\I- lowk 550'C. The intensit\ ratio showed good agree-
gallium (DMG") was measured as a function of ment with that observed in the (2 x 4) recon-
substrate temperature using an apertUred, structed surface below 350'C. A steep decrease of

10 min 0 10 min

-G< Ga

. Ga+ .- .

1.0 Z.-- 1.0 >.
LU I- -

z z
0.8 DMG + 

Ga + 0.8 DMG+ Ga+ 1

CI Z
ou +

0.6 3 0.6

0.4 La 0.4 b

200 400 600 200 400 600

SUBSTRATE TEMPERATURE ( C) SUBSTRATE TEMPERATURE ( C)

Iig 2 iratoin of QM S signa (the 0 a ' mitcn,is and t)M(' /(ia ' ntensi is ratio) ,.erus temperature dUring healing tihe ,ubstrate
at a rate of I '( C in under rM 1i flu fit on a C aAs substrate %ith a (2, 4) rec'on,tructed 'Urface: (b) on the Oa so s i%, as cr.
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intensity in the Ga was not observed within the substrate surface revealed that TMG molecules
measured temperature range. The RHEED pat- were reflected from the GaAs oxide surface
tern showed a halo pattern in the temperature without any decomposition below 550'C. On the
range from 150 to 550°C. This means that most other hand, the decomposition of TMG was ob-
of the TMG molecules were reflected from the served above 350'C on a GaAs surface. The
GaAs oxide layer without any adsorption or de- surface-catalyzed decomposition of TMG can ex-
composition below 5500 C. plain the mechanism of the selective area epitaxy

When TMG and As 4 were supplied simulta- of GaAs. The combination of a GaAs oxide mask,
neously to the GaAs oxide layer, the Ga' inten- MOMBE and EB etching [3] will provide a con-
sit, the ratio DMG-/Ga'. and the RHEED pat- tinuous process of crystal growth and selective
tern were similar to the case of an experiment etching under UHV conditions.
under TMG flux only. This means that the decom-
position of TMG did not occur on the GaAs oxide
laver under an As 4 flux. Acknowledgements
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The roles of aluminum and hydrogen in impurity contamination
of AlGaAs grown by MOMBE
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We ha.e investigated the effect of Al in the form of triethlaluminum (TEAl). trimethvlamine alane (TMAAI). or elemental Al.
and h~drogen. honded to Group III or Group V precursors. on the oxygen and carbon concentrations of AIGaAs grown b%
mtcalorganic molecular beam epitaxy IMOMBE). Al was found to increase both the oxygen and carbon incorporation rates relative
t GaAs. The primar, source of the oxgen has been determined to be alkoxide contamination of the alkl Group III sources.
Similarl'. the carbon contamination is due to carbon released from the decomposition of the alkyl Ga sources. For films grown %,ith

TE(ia. this enhancement of the carbon uptake can be suppressed through the use of TMAAI which releases atomic hdrogen at the
gro. th surface. H',drogen does not appear to remove carbon generated from methyl radicals, as AIGaAs groin from lMGa exhibits
hole concentrations >- 10" cm 1. regardless of Al source, which increase with increasing AsIt, ;As, ratio. We hae also determined
that increa,ig the A,H, As. ratio does not improwe the crstallinit,, of the AlGaAs laxers is determined b, ion channelling

I. Introduction contains three Al H bonds. While the uncracked
AsH. would be expected to produce only small

While previous reports hwve demonstrated the quantities of hydrogen at the growth surface, due
sensitiit of TEGa decomposition to elemental to poor cracking efficiencies at the growth temper-
AI [I] and the dramatic increase in carbon con- ature. TMAAI should produce significant surface
centration which occurs during growth of AIGaAs concentrations of hydrogen. Thus, it is possible to
h. MOMBE 12,3]. little information has been determine what effect, if any. these components
a\ailable regarding the roles of Al and hydrogen have on the growth of AIGaAs.
in the growth process. We have examined the
effect of these elements on the oxygen and carbon
incorporation in AIGaAs by comparing various
(ia. Al. and As precursors, and by varying the 2. Experimental procedure
temperature of the AsH, cracker. Three different
Al sources, elemental Al. triethylaluminum (TEAl), The samples were grown in a Varian Gas Source
and trimethvlamine alane (TMAAI) have been Gen II on 2 inch diameter GaAs substrates which
used, as have two different Ga sources. triethylgal- received no treatment prior to growth. The TEGa
lium (TEGa) and trimethylgallium (TMGa). so flux was adjusted to give a GaAs growth rate of
that the effect of the Al can be separated from 0.22 ML/s at 500'C under an AsH, flow of 5
that of the hydrocarbon side groups. SCCM. The TMGa flux was set to give the same

Hydrogen has been introduced via the Group V growth rate under the same conditions. The TEA1
species. i.e. by using partially cracked AsH,. and flux was fixed at a rate which yielded an AlAs
via the Group Ill species by using TMAAI which growth rate of 0.26 ML/s. while the TMAAI flux

M22-0248, 91 /$03.50 , 1991 - -lsevier Science Publishers B.V. (North-Holland)
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was fixed at a rate of 0.24 ML/s. AIGaAs layers 3. Results and discussion
were grown using the same Al and Ga fluxes as
the binaries. Samples were grown from TEAl first. Previous work has shown that replacing TEAl
Then the TEAl bubbler was replaced with a hub- with TMAAI leads to a significant reduction in
bier of TMAA1. No other changes were intro- oxygen in AIGaAs grown by MOMBE due to the
duced into the gas handling system. The TMGa elimination of volatile AI-O-C species present in
was transported by a He carrier gas while the commercially available TEAl [4]. This reduction is
other Ga and Al sources were transported with reflected in the data of table 1. which shows a
hydrogen. For both gaseous Al sources, the H. decrease of - 80 X in oxygen when TMAAI is
flow rate was 20 SCCM. Some layers were grown used instead of TEAl. However. the residual
by replacing the gaseous Al source with elemental oxygen concentration is still - 10-100 x higher
Al. generated from a conventional effusion oven. than the background normally seen in material
while some samples were grown by a similar re- grown by conventional MBE. Replacement of the
placement of the gaseous Ga source with elemen- TMAAI with element Al also shows severe oxygen
tal Ga. The Al and Ga fluxes were set to give contamination at 7 X 105 cm '. This suggests that
approximately the same Al content as the films the oxygen concentration is due to contamination
grown with only gaseous Group III sources. The of the TEGa source with Ga alkoxides. which are
AsH, was cracked in a Varian low pressure cracker similar in nature to the Al alkoxides discussed
whose temperature was varied from 950 to previously. Confirmation of this can be seen in the
11000 C. For layers grown with As 4 . the pressure material grown with elemental Ga which shows an
of the As 4 beam was 2 x 10 Torr as measured oxygen background. 2 X 10 " cm 1. similar to
bN the beam flux gauge. Prior to deposition of the levels observed in material growvn bv conventional
AIGaAs. 1000 A GaAs buffer layers were grown MBE. Clearly. the Al at the growth surface getters
at 500'C under 5 SCCM of AsH - at a rate of 1.2 oxygen from the impurities present in the TEGa.

m/ h. as GaAs grown under the same conditions does
For samples grown with TMGa. carbon levels

were determined from Hall measurements. For
those grown with TEGa. the carbon and oxygen I ande t

~~~~~O\\,gn anld catrhon con.cntratilons, as determned~t h% SIMS

concentrations were determined by SIMS using a anahsis in Al( ;A. gro' .n froin .ariOLI, (roup Il and (Oroup

Cameca IMS 3f system with a Cs" beam. The v ourcesi all 'amplel are grtv\%n at 600'( Unless oiherwi.e

carbon and oxygen concentrations were de- indicated

termined b\ comparison with ion implanted Sources ()'m cn (cm

standards. The thickness and AlAs mole fraction T.Ga. AA-1 s lo)' o

of the AIGaAs films were determined from (. 57)

Rutherford backscattering analysis using 2.120 TEAL. TE(ia. All lo"

MeV He' ions. The Al mole fraction is de- (X. 1) 42)

termined within +0.02. Ion channeling analysis TMAAI. T(a.\ sti, I -]o",
;  

5 "to
was used to evaluate the crystalline quality of t .A (044)

c MAAI, TF(a, .Ga.A tI 1.5 l tOll 2.S. 10)'.

these films. In particular. the data were used to (So)o I(. A., 0. 35

determine the minimum backscattering yield rMAAI. TEGa. A, ,' 3 l

IX .,). defined as the ratio of the near-surface i A\ 0.42)

backscattering count rate measured in a channeled IMAAI (;a. A l 2 I)
-  3 I)) "

configuration to that measured in a random or \X,, 0.'4)
T'MAAI. (Ga. ,As, "2 X 10

I  
I " ~ I ' '

non-channelled direction. High-quality. single ., = .4)
crystal films have Xln values of 3 r -4Y. as this is AL. rF(ia. As, 7 ' 10'' 1 lO'

the minimum ratio which can be accurately de- IA\, = 0.33)

tted. X,,,,,, values above this baseline are meas- SIMS detection limit.

ured within an accuracy of + 0.5%. I' Oxgen concentration not measured.
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not show oxygen beyond the detection limit of in these samples is due to incomplete cleavage of
SIMS. This interaction may also explain the re- the Al-C bond in the parent molecule. However.
duction in oxygen with growth temperature in even when elemental Al is used, the carbon con-
material grown with TMAAI and TEGa. In con- tamination is significantly higher than in GaAs
ventional MBE, decreasing growth temperature [31. It appears that Al getters carbon from the
tends to increase the oxygen uptake due to re- TEGa, possibly through the transfer of ethyl or
duced desorption of oxygen containing species methyl groups from the adsorbed Ga species to
from the growth surface. In contrast, lower growth the adsorbed Al [3,5,61. TMAAI suppresses the
temperatures in MOMBE appear to reduce the uptake of carbon even further, yielding carbon
oxygen level, possibly due to a reduced interaction levels at the background of SIMS. This reduction
between the adsorbed Al and Ga-O-C species at is probably due in part to removal of ethyl species
the lower temperature. from the surface by the atomic hydrogen gener-

Al also produces a dramatic increase in carbon ated from decomposition of the TMAAI. How-
concentration. GaAs grown with TEGa typically ever, the carbon background does depend some-
does not show carbon beyond the detection limit what on impurities in the TEGa, as purging of the
of SIMS. As shown in table 1. AIGaAs grown TEGa bubbler prior to growth is often necessar-
from TEAl and TEGa shows carbon at least two to produce the lowest carbon levels.
orders of magnitude higher. Much of the carbon The impurity in the TEGa responsible for the

carbon uptake may involve (CH,),Ga species. Fig.
I shows the dramatic increase in carbon in Al-

-0 GaAs grown with TMGa relative to GaAs grown
with the same flux. Clearly. the hydrogen attached
to the TMAAI is not effective in removing methyl
groups from the surface. Thus. any contamination

- of the TEGa bubbler with (CH,),Ga would lead
to an increase in the carbon concentration. Since

* the pressure of TMGa is greater than that of
TEGa. purging would remove the TMGa or other
(CH 3 ),Ga species at a much faster rate than the

z '019 TEGa. leaving a cleaner source and hence cleaner
0 AIGaAs.

As with hydrogen generated from the TMAAI.
hydrogen introduced via the Group V sojrce does

z 8 not appear to remove methyl groups from the

10 - surface since films grown with TMGa show a
- decrease in carbon with increasing cracker temper-

ature (fig. 1). Previous work has shown that the
-ratio of AsH, to As, can be decreased signifi-

1o) cantly by increasing the temperature of the hv-
dride cracker from 950 to 1100'C [7]. Since more

TMGo . TEAP TEGo + TEAf of the AsH, species are converted to As.. the
TMGoa TMAAf * TEGO + TMAA V/Ill ratio is increased at higher cracker tempera-

tures while the AsH,/As. ratio is decreased. Thus
950 1025 1100 a reduction in carbon with increasing cracker tem-

HYDRIOE CRACKER TEMPERATURE (°C) perature is in agreement with previous reports
which have shown the carbon level to be strongly

Fig. I. (arbon concentration versus hvdride cracker tempera-

lure for GjAs and AtGaAs grown at 500*(" from various Ga dependent on V/Ill ratio in films grown with

and At precursors. TMGa [8-- 10].
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The effect of hydrogen on removal of ethyl that higher V/Ill ratios tend to improve the crys-
groups can also be inferred from the lack of tallinity [4]. Further, we have found that Al 4
variation of carbon with cracker temperature for Ga 0.6As with Xmi. = 4% can be grown using
AIGaAs grown with TEGa. Houng and co-workers TMAAI, TEGa and As 4 instead of AsH3 . Thus it
[2,3] have shown that carbon levels decrease with doeN not appear that AsH, species are needed to
increasing V/Ill ratio in AlGaAs grown with TEAl produce high quality AIGaAs.
and TEGa. Since this decrease does not occur with In conclusion, we have found that Al plays a
increasing cracker temperature, even though the major role in determining both the oxygen and
V/Ill ratio is increasing, one might suggest that carbon concentrations in AIGaAs. particularly
the effect of increasing the As, flux is being offset when gaseous Ga sources are used. In contrast,
by the reduction in the AsH, concentration at the hydrogen attached to either Al or As only seems
growth surface. This is consistent with the previ- to significantly affect the growth chemistry when
ous discussion regarding the hydrogen generated TEGa is used as the Ga source.
by the dissociation of the TMAAI, and with the
data of table 1, where replacement of AsH 3 with
As 4 produces a significant increase in the carbon Acknowledgements
concentration in films grown with TEAl but has
no effect in films grown with TMAAI. In contrast, The authors would like to acknowledge C.
the AsH, does not appear to remove oxygen from Magee of Evans East for the SIMS analysis and

the growth front, as As 4 and cracked AsH, yield S.S. Pei and A.S. Jordan for their encouragement
similar oxygen levels for any given combination of and support. This work was partially funded by
sources.sources isthe Materials Laboratory, WRDC under US AirFinally, it is necessary to examine what role the Force contract No. F33615-87-C-5244.

composition of the Group V beam plays in the

issue of crystallinity. From fig. 2, it is apparent
that increasing the cracker temperature generally
improves the crystallinity. Again, these results are References
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Chemical beam epitaxy growth of GaAs/Ga 05In 05P heterostructures:
growth kinetics, electrical and optical properties

J.C. Garcia. P. Maurel. P. Bove, J.P. Hirtz
lahoratoire Central de Recherches. Thomson - CSF. F-91404 Orsal Cede. France

and

A. Barski
Instrument SA. Riher. BP 231. F-92503 Rued Cedex. France

We report the growth kinetics, together with electrical and optical properties of undoped chemical beam epitaxv GaAs/GalnP
structures grown using triethyigallium (TEGa), trimethylindium (TMIn). arsine and phosphine as starting materials for group Ill and
group V elements. Undoped GaAs layers were found to he p-type, independent of the gallium-to-arsenic ratio, with free hole
concentration ranging from I x 10" to 9 x 10i cm '. depending on the growth temperature. Undoped GaAs/GalnP heterojunctions
exhibit a two-dimensional electron gas with T = 4 K mobilities ranging from 20.000 to 25.0M0 cm-,'V s. The optical characteristics of
(;aAs GalnP multiquantum wells as a function of growth interruptions at the interfaces were investigated h photoluminescence
measurements. The growth kinetics of GaAs and GalnP were studied by reflection high energy electron diffraction (RHEED)
ocillations. The composition of GatnP was found to he controlled mainly hy the growth rate dependence of the binaries (GaP. InPI
on growth parameters. The indium composition was found to be proportional to the flux of TMIn at a fixed TEGa flow. A lattice
matching better than 5 X It) 4 can be routinel, obtained. However. the composition exhibits a strong dependence on temperature. At
temperatures above 510( C indium desorption occurs and the composition tends toward a Ga-rich phase. while below 510'C. the
indium composition is enhanced b, the decrease of the binary GaP growth rate. The PH I flow also affects significantly the ternars
growth rate. mainlh through indium incorporation modification. At low PHI flow (1-5 SCCM). the indium concentration decreases.
I his fact is attributed to the preferential Ga-P compared to In-P bond formation.

I. Introduction tures requires extremely rigorous experimental
growth procedures and very low reactor impurities

In the past few years, chemical beam epitaxy levels. In contrast, this does not occur for GaInP
(CBE) has emerged as a promising epitaxial tech- growth. Furthermore. GalnP lattice matched to
nique which combines the respective advantages GaAs has been reported to exhibit low deep level
of both MBE and MOCVD. Indeed. high quality concentrations [41.
CBE growth of a wide range of IlI-V materials Little work has been done on the molecular
has already been demonstrated [1.21, in particular beam epitaxy (MBE) growth of these structures,
for phosphorus-based alloys. GalnP lattice- due to the operational difficulties associated with
matched to GaAs. for example. is a very prom- the handling and control of MBE phosphorus
ising alternative to GaAIAs as a wide band gap sources and also to the limited material quality
barrier to GaAs in heterojunction devices, since achievable, which is mainly limited by the purity
GaAIA auffcrs from various disadvantages. As an of phosphorus charges available [3]. On the other
example. aluminium acts as a very efficient getter hand, high quality GaAs/GainP heterostructures
of both oxygen and carbon impurities. Therefore, have already been grown successfully by metalor-
the growth of high quality GaAs/GaAIAs struc- ganic chemical vapour deposition (MOCVD) [4],

0022-0248/91/$03.50' 1991 - Elsevier Science Publishers B.V. (North-Holland)
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but specific difficulties have been encountered.
such as good homogeneity over large area sub- CSEstrates or problems of immiscibility [5]. p p-

The high level of flux control, stability and
uniformity available with CBE coupled with its -17 K

ability to produce very high quality phosphorus
containing materials and extremely sharp hetero-
interfaces, make it extremely attractive for the
GaIn, ,P material system. However, the basic
aspects of the kinetics involved in CBE growth of
these alloys are still poorly understood, and paral- : 10o,

lel studies of growth mechanisms and material 0
properties are necessary.

0In this paper. we report the CBE growth and o
characterization of GaAs/GalnP structures. Ki- -. ,.300 K

netics aspects as well as optical and electrical -
properties are presented. giving an overall view of
the CBE growth of this system.

A CHIU el 31

* THIS WORK

2. Experimental 10_
1015 1016

FREE HOLE DENSITY (Cm-
3
)

Starting gaseous sources were triethylgallium Fig. 1. 3() and 77 K mobitifies of GaAs bulk layers as a

(TEGa). trimethvlindium (TMIn), pure phosphine function of free hole concentration.

ad arsine. The details of the CBE growth system
have been described elsewhere [6]. The growth rate
of both GaP and InP was obtained using reflec- reported by different authors [8,10]. Fig. I sum-
tion high energy electron diffraction (RHEED) marizes the results of the mobility at 300 and 77 K
oscillations. The Ga, In, P composition was de- as a function of hole concentration. Good agree-
termined by X-ray diffraction analysis. The tem- ment is obtained with the data of Chiu et al. [7],
perature was controlled using an infrared pyrome- which have been reported in the same figure.
ter calibrated with the melting point of InSb RHEED intensity oscillation investigations of
(525 0 C). the GaAs growth by CBE have already led to

valuable information on the understanding of the

2.1. GaAs bulk layers growth mechanisms involved in the use of
organometallic starting sources [11]. Fig. 2 shows

GaAs bulk materials grown by CBE have been the dependence of the growth rate as a function of
extensively studied by various authors [7.8]. GaAs both arsine and hydrogen flow. As previously
layers grown in the 500-650'C temperature range reported by various authors [11.12]. the growth
showed p-type conductivity. As expected, carbon rate decreases with increasing arsine [III or hydro-
was the main acceptor. The hole concentration gen [12] flow. Since molecular hydrogen does not
increases from I x 10'5 to 9 x 10'" cm - when the adsorb efficiently on the GaAs (001) surface [13],
temperature is increased from 500 to 650 0 C. The as has been previously shown, it seems unlikely
apparent activation energy for carbon incorpora- that H, molecules cause such effects. Considering
tion is found to be 25 kcal/mol, which is close to the fact that GaAs growth using uncracked AsH 3
the value reported by Benchimol et al. [9]. Surpris- is extremely slow or even impossible [14], one
ingly, no significant dependence on the III/V possibility is that hydrogen interacts with arsenic
ratio has been observed, as has been previously on the surface, forming thermodynamically stable
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2,0 The lattice mismatch is about 4 x 10 4 and the
GaAs crystalline perfection of the layer is comparable to
H21TEGa: 9 seem that of the GaAs substrate, with a full width at
Ts: 540'C half maximum (FHWM) value of 15". At temper-

1,9 - atures below 520' C , the crystal quality is drasti-
'U cally degraded, leading to a broad diffraction peak
cc ,for the ternary alloy. Fig. 3b shows the variation.I- at a constant H 2/TEGa flow rate kept at 5 SCCM.
0cc of the indium composition as a function of thea 1, H,/TMIn flow rate. The indium composition is

found to vary linearly, regardless of the tempera-
ture used. However. the composition depends

1,71 _strongly 
on the temperature. This contrasts with

0 5 1 0 1 5 the GalnP composition behaviour previously re-
ported by Ozasa et al. [16]. who observed both

HYDROGEN OR ARSINE FLOW (scem) constant growth rate and indium composition over
Fig. 2 GaAs growth rate as a function of arsine JA) and a large temperature range (400-520'C). In fact.
h.drogen (11) flow rates. The arsine flow rate was kept at 5 these authors used triethvlindium as a startingSCCM when hd rogen was introduced.

source and it seems likely that the temperature
behaviour of the GaInP growth rate differs from

chemisorbed AsH, molecules [15]. which block that using TMIn. The temperature behaviour we
the gallium deposition sites and consequently in- observed can be explained by considering the
duce a greater TEGa desorption. growth rate of the two binaries GaP and InP [17].

The growth rate of GaP increases with increasing
2.2. Ga, In, ,P bulk material temperature and reaches a maximum near 5500C.

Beyond this temperature, the growth rate slightly
Fig. 3a shows the X-ray double diffraction pat- decreases. In the case of InP. a constant growth

tern of a 1 pm thick GalnP layer grown at 520'C. rate is observed over a large temperature range

a GaAs

CBE

GaInP 1P5M b

GaAs I mZ
520C

Z GaAs Z 550 C0

25 ~ ~ ~ 0,5-05O

GalnP

0.4
3 4 5 6e H2 + TMIn FLOW RATE (sccm)

Fig. 3. (a) Double X-ray diffraction pattern of a bulk GalnP layer grown on GaAs substrate. Growth temperature was 520'C.
(b) Indium composition as a function of (TMIn +t H 2 ) flow. Temperature is taken as a parameter.
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0,o| fraction decreases with decreasing phosphine flow

GalnP rates. The strong enhancement in Ga composition
0. can be related to the energy difference between

" -- the Ga-P and In-P bonds. Since it has been
z reported that the GaP bond is stronger than the
0

0,46 lnP one [5], it seems reasonable to conclude that
4t at low phosphorus coverage, the GaP bonds are

preferently formed, thus leading to a desorption of
0,4 In species.

0

2.3. GaAs/ GalnP heterostructures
0,42

Z Hall measurements on undoped GaAs/GalnP

0,40 1 heterostructures revealed the existence of a two-di-
0 5 10 1 5 20 mensional electron gas (2DEG) with the following

PH3 FLOW RATE (sccm) mobilities: Ai(300 K) = 3000-4000 cm2iV -s and

Fig. 4 Indium mole fraction (0) in (UalnP and expected A(4 K) = 20,000-26,000 cm 2/V -s with A. = (2-4)

indium composition (a) deduced from the phosphine flow rate X 1011 cm 2. The two-dimensionalitv of the elec-
dependence of the ro hinaries as a function of phosphine flowA tron gas has been established b, the mobility
rate. Note the strong decrease of indium composition obtained plateau obtained at low temperature measure-

at lo phosphine lo%% rates. ments. demonstrating the good quality of the in-
terface. Growth interruption at the interface was
necessary in order to obtain such 2DEG.

(420-510 0 C). At higher temperatures. the InP Multiquantum well (MQW) structures were
growth rate decreases significantly. Therefore. at grown to further assess the quality of the inter-
temperatures higher than 510'C. the indium in- faces. The GaAs growth rate was I jtm/h. while
corporation in GalnP is mainly limited by the GalnP growth rate was fixed to 1.5 jim/h. Growth
desorption of the indium species. while at lower interruption was necessary at the normal GaAs/
temperatures the increase in the indium composi- GalnP interface in order to obtain reasonably
tion is analogous to the decrease of the GaP good confinement energies. The experimental pro-
binary growth rate. More detailed results of cedure is the following: At the normal interface.
RHEED intensity oscillation measurements of the the growth of GaAs is stopped and the surface is
growth rate of the two binaries will he reported stabilized under phosphine flow- for 15 s. the
elsewhere [17]. RHEED pattern showing a well defined 2 x 4

The dependence of the indium composition as reconstruction. Finally. GalnP growth is initiated
a function of the phosphine flow is shown in fig. simply by switching both the TEGa and TMIn
4. At low and high phosphine flow rate, the in- flows from the vent to the growth chamber. It
dium composition decreases. At high phosphine should be noted that for higher durations of ex-
flow rates. the measured indium concentration posure of the GaAs surface to a phosphine flow.
agrees well with that deduced from the phosphine the surface becomes rough. Similarly. the GalnP
flow dependence of the growth rate of both hi- surface also becomes rough with arsenic exposure
naries GaP and InP [17], the InP growth rate up to 10 s. It seems reasonable to suggest that for
being reduced more significantly than the GaP long time stabilization under phosphine or arsine,
growth rate while increasing the phosphine flow. intermediates GaInAsP alloys are formed at the
At low phosphine flow rates, the expected indium interfaces. These observations can be correlated
mole fraction, deduced from the binaries growth with the work of Lee et al. (181. who have to
rates is found to be constant. As seen in fig. 4. include intermediate GaP and GalnAsP layers at
experimental results indicate that indium mole the GaAs/GalnP and GalnP/GaAs interfaces,
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CBE GaAs/ GalnP MQW

GaAs 37

iOO G.,4A3 iA
500: A GWP GaAs 70 A

n GaAs 200 A
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G ,T =4 K GaAs / Ga. 5 Ino5 P quantum wells
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Fig. 5. ja) Lo%% temperature photoluminescence of a typical GaAs/GalnP MQ% structure. (b) both theoretical and experimental
optical confinements of GaAs/GatnP quantum hells.

respectively, in order to fit the double crystal as temperature and phosphine flow was observed.
X-ray diffraction spectrum of a superlattice struc- Monolayer growth control can be achieved, as
ture. On the other hand, if no growth interruption demonstrated by the growth of thin quantum wells.
occurs, the preferential incorporation of arsenic, if
compared with phosphorus, leads to the formation
of an intermediate GalnP(As) layer at the normal Acknowledgement
interface, which does not happen at the inverted
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MOMBE growth and characterization of heavily carbon-doped InGaAs

Takurm Yamada. Shinji Nozaki *, R'yuji Miyake, Taichi Fukamachi. Jun-ichi Shirakashi.
Makoto Konagai and Kiyoshi Takahashi
IX'joirien,/ 4le mer al and Elee troni Enginteering,. TA t Ins tonic otf Technlox. 2~- . 0 -A ai wtna. Afeourc-Aui. I LA i , 152'. Japan

A serie, of recent es pern mental result limA that carbon is at more suitable acceptor for ( LAs than hers IIum. O ne r :asot for~ this
ithe capabi lit\ of ultra-high doping up to I10 ' cn w %ith carhon. lion ever. tile lalt is constant stgniificant> decreases kithI

inicreasing hole concentration at such high doping loee. To solve the lattice-mnisniatch problemn at the interface betneenl heavils
c:arbon-dopcd GaAs and nioderatel\-doped or SI (iaA , %%e have growni heavily carbon-doped InGaAs lattice-matched to SI (iaAs bs
toctalorganic niolecui'ir beamn epita\> 0\tO0tHEv Hall and X-ra\ diffraction measurement, s~ere performed to stud\ thle carrier
cc 'ncen trations and the lattice constants. respectis el. ol the heavi I> carbon-doped I n( aAs with s arious In cottet both before and
Atter aitneali ti,

1. inltroduction content Lit high doping levels due to a difference in
the radii of Ga As, and C atomns [2.5.7,8]. The

Although recent improvements in the speed lattice mismatch at the emitter base and thle col-
and the integration level of semiconductor devices lector base junctions mna. degrade thle [T per-
are remarkable. a further increase in the speed and formiance if thle heavily carbon-doped GiaAs is
the tmaximum operational frequenc\ requires a used as a base la\er. To avoid the lattice mis-

techiqu toprouceheavil\ doped semiconduc- match. .% rew, heavil\ abndp I as
tors. Especiall\. the demand for stable, Axell-con- lattice-matched wxith SI GaAs uIsing elemental In
trolled p-tyNpe doping in the 10"' cmn range has and As and trimethvlgalliuni (1MIG) as sources
been grow ing for fabrication of heterostructure [9). Although the diffusion coefficient of carbon in
bipolar transistors (HBTs). We have already re- GaAs is known to be extremely small, it is im-
ported NM()MBE growth of carbon-doped GaAs portailt to Ntud\ thle thermal stabililv, of electrical
" ith a hotle concentration of 1.5 x 102) cm '[1.21. properties of heavil\ carbon-doped Ga.-s and In-
While it is difficult to achieve a doping level GaAs, becaulse the material canl be exposed ito
higher than ( 1 2) X 101 cm in ni-tvpe GaAs due highi temperature,, in the process of de% ice fabrica-
to) self-comnpensation mechanism [3]. carbon, in tion. In this paper. we report the carrier con-
contrast, was found to incorporate as an acceptor centration and the lattice constant of heavil\
tip to I x 1021 cm 'without sel f-comipensat ion, carbon-doped InGaAs with various indium conl-
Since then, carbon has been intensively studied as tents before and after annealing,- and propose a
a potential acceptor to replace beryliliumn at man1 model to explain the experimental resuilts.
institutions, and man y benefits from the use of
carbon as an acceptor have been confirmed 14 6[.
The lattice constant of the heavily, carbon-doped 2. Experiments
GaAs, howev.er, decreases with increasing carbon

The s~stemn used in this experiment is at V-801-
made by VG Sernicon. In the MIONBE growih of

()it lease from Intel ( orporation. Santa ( lari. ( ilifornia GaAs and I n( aAs, 1MG and elemental As and

45052. (_ SA In \kere used as (;a, As, and In sources. respec-

iiW22-i)'48 91 '$))3,50 1991 tlsevier Science Publishers B.V I Northitollaid



1 Yamada et aL ,. MOMBE growth and characteriation of heardli (-doped InGaAs 55

tivelv. The details of the growth were described
elsewhere [7]. Substrate temperature is a key A as-grown (p-type)
parameter of the MOMBE growth of carbon- A annealed (n-type)

doped GaAs [1]. The substrate temperature must CD

be low enough to obtain the heavily carbon-doped I' 10
EGaAs. In this experiment, the substrate tempera- region II

ture was kept at 450'C. The pressure-equivalent
beam flux of TMG and AS4 was kept at 1.1 X 10 - 5 .0

and 0.8 × 10 -
5 Torr. respectively. The indium 1019 

pressure-equivalent beam flux was varied from 0
to 1.5 x 10' - Torr to obtain InGaAs with various 0 region I
indium contents. It should be noted that the ab-
solute indium content in the heavily carbon-doped

InGaAs cannot be determined directly from the 0 1
lattice constant since a large amount of the incor-
porated carbon reduces the lattice constant. De-
termination of the indium content in the heavily
carbon-doped InGaAs was described elsewhere
[9. 0 0.5 1 1.5

The as-grown InGaAs was annealed at 900'C Indium flux (xlO-Torr)
for 4 h under N, flow. A dummy GaAs substrate Fig. I. Carrier-concentration dependence on the indium pres-

was placed on the surface of the InGaAs to mini- sure-equivalent beam flux for the heavily carbon-doped In

mize arsenic loss during annealing. Double-crystal GaAs before (c1 and after (A. A) annealing.

X-ray, diffraction and Hall measurements were
performed to study the lattice constant and the mole fraction, which may result in self-compensa-
carrier concentration before and after annealing. tion for higher In mole fraction [10.

The carrier concentrations after annealing at
900'C for 4 h are also shown in fig. 1. The hole

3. Results and discussion concentration decreases more than one order of
magnitude after annealing for smaller indium con-

Fig. I shows the dependence of the carrier tents (region I). A similar decrease of the hole
concentration on the indium pressure-equivalent concentration was observed for heavily C-doped
beam flux. All samples show p-type conductivity, GaAs with hole concentrations higher than 1020

and the hole concentration decreases with increas- cm - -3 [5]. For larger indium content (region II).
ing the indium beam flux. Since the monomethyl- the conductivity changes to n-type after annealing.
gallium resulted from decomposition of TMG A simple model to explain these experimental
plays a significant role in carbon doping, the results will be proposed later.
carbon concentration incorporated in the epilayer Fig. 2 shows the lattice constant as a function
is determined by dissociation of TMG [1]. The of the indium pressure-equivalent beam flux be-
effect of presence of the In atoms on the dissocia- fore and after annealing. The strain in the heavily
tion of TMG must be considered to explain the C-doped GaAs and InGaAs is relaxed after an-
observed dependence. The catalytic effect of the nealing. Aberrathy et al. attributed the relaxation
In atoms may promote the complete dissociation of the strain in the heavily carbon-doped GaAs to
of TMG, which leads to less incorporation of the site switching, which also accounts for a de-
carbon into the epilayer. This hypothesis will be crease of the hole concentration after annealing.
confirmed by the SIMS analysis. However, there is However, even if the carbon atom moves to the
another possibility that the electrical activation Ga site from the As site, it does not significantly
rate of carbon as an acceptor decreases with the In reduce the local strain. Therefore, the lattice re-
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details of the analysis by the XFR technique ap-
3.0 o as grown 0 plied to the heavily carbon-doped GaAs will be

reported elsewhere, but the result well agrees with
A annealed a calculation based on the strain between the C

• 2 -0 0 and the nearest Ga atoms. However, the Ga--C

E bond is broken by thermal energy during anneal-
i ing, and as a result the local strain is relaxed after

1.0 region I annealing. The C atoms with the broken bonds

2 A,, may form interstitials and become electrically in-

j 0.0 --- ----- ---- active. The number of the carbon atoms with the
i jbroken bonds is determined from the thermal

region II equilibrium during annealing. Therefore, the hole

05 10 1.5 2.0 concentration decreases after annea!inr
0 0.5 1.t0 1.5 2The argument for the heavily carbon doped

Ifldfflm fUX (X1GaAs can be applied to the heavily carbon-doped

Fig. 2. Lattice-constant dependence on the indium pressure- InGaAs with smaller indium contents. The break-
equivalent beam flux for the heavily carbon-doped InGaAs age of the Ga-C bond results in an increase of the

before (7,) and after (A) annealing, lattice constant and a decrease of the hole con-

centration.
laxation in GaAs cannot be explained simply by In the InGaAs with larger indium contents, the
the site switching model. For the heavily carbon- indium segregation during annealing causes a large
doped lnGaAs. the lattice relaxation is also ob- number of indium vacancies. Some unbonded
served in region II. but the strain slightly increases carbon atoms may move to the indium vacancies
in region I.

The SEM micrograph in fig. 3 shows surface
morphology of the heavily carbon-doped lnGaAs
with a larger indium content after annealing. Figs.
4a and 4b show the elemental analyses by the
energy dispersive X-ray spectroscopy (EDX) on
the points A and B in fig. 3. They indicate the
indium precipitation at the surface. The GaAs-like
Raman spectrum also confirms this result. It may
be concluded that the majority of the In atoms in
the InGaAs segregate toward the surface and then
precipitate, leaving a large amount of indium
vacancies in the epilayer. This indium segregation
is significant for the heavily carbon-doped In
GaAs with larger In content.

Next, we propose a simple model to explain the
observed variations in the lattice constant and the
carrier concentration due to annealing. Let us
start with the heavily carbon-doped GaAs. As
reported 12), the activation rate of the carbon
atom as an acceptor is close to 100%, and almost
all of the incorporated carbon atoms are substitu-
tional [8) and occupy the As sites. The X-ray Fig. 3. SEM micrograph of surface morphology of the heavily

quasi-forbidden reflection (XFR) technique [11] carbon-doped InGaAs with a larger In content after annealing.
supports this hypothesis, as seen in fig. 5. The Marker represents 6 pm.
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Ga (A) in the epilayer. The remaining small number of In
As atoms increase the lattice constant, but the carbon

atoms decrease the lattice constant. The balance
between the effects of the indium and carbon

Ga atoms on the lattice constant results in the nearly
complete lattice relaxation seen in fig. 2.

I n

2 4 6 8 10 4. Conclusions

Photon energy (key) We have grown heavily carbon-doped lnGaAs

with various indium contents by MOMBE. The
(B) hole concentration decreases with increasing in-

dium content, but p-type conductivity is observed
even for larger indium contents. However. large
variations in the carrier concentration and the
lattice constant due to annealing were found. The
hole concentration of the InGaAs with smaller
indium contents decreases, but the conductivity ofGAs As the InGaAs with larger indium content changes

0 4 8 12 16 20 from p-type to n-type after annealing. The lattice

Photon energy (key) constant increases for smaller In content, while
the lattice constant decreases and approaches that

Fig. 4. Elemental analyses by EDX for points A and B in fig. 3. of Sa sflr con ent asple mode
Poin B h'o,, he ndiu prciptaton.of SI GaAs for larger In content. A simple model

Point B shows the indium precipitation.

was proposed to explain the observed effects of
annealing.

and become a donor, resulting in the conversion The study raises a serious question regarding
of the conductivity from p-type to n-type. As the thermal stability of the heavily carbon-doped
observed in fig. 4. there still remain some In atoms GaAs and InGaAs. A further investigation of the

thermal stability is needed before using these
materials in various devices.
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Luminescence and transport properties of high quality InP grown
by CBE between 450 and 550'C

A. Rudra, J.F. Carlin, M. Proctor and M. Ilegems
Institute for Micro- and Optoelectronics, Ecole Polctechnique Fidrale de Lausanne, CH-1015 Lausanne. Switzerland

A Hall mobility as high as 153.800 cm V-1 s - at 77 K with Nd - Na=1.5x 1 0 14 Cm has been obtained by adjusting the
growth temperature and the phosphine cracking temperature. The 4 K photoluminescence spectra show finely resolved excitonic
transitions for layers grown above 535'C with linewidths as narrow as 0.07 meV. The use of substrates misoriented 2' and 3.5*
towards (Ill )A significantly improves the morphology at the cost of a slight increase in the impurity incorporation.

1. Introduction cryogenic trap by a diffusion pump. Pure TMIn
from Epichem was introduced via a leak aperture

Early attempts to grow InP/GalnAsP by con- in a low temperature cell (50-100°C) and the
ventional molecular beam epitaxv (MBE) were flow rate was established by controlling the up-
hindered by the large quantities of solid phos- stream pressure at 0.77 and 1.3 Torr. resulting in a
phorus that were needed and by the difficulty in growth rate of 0.5 and 1 fim/h, respectively. Pure.
precisely stabilizing and switching the P4 flux [1]. undried PH.' (Phoenix grade, Union Carbide) was
The use of cracked phosphine has overcome this decomposed at high pressure (300 to 1000 Torr)
problem and is now the accepted answer. High inside a pyrolytic boron nitride and molybdenum
purity InP was obtained by chemical beam epitaxy cracking cell usually kept at 880 ° C and run down
(CBE), first by using triethylindium (TEIn) [2,31, to 760'C in a specific set of experiments. The
and more recently by using trimethylindium phosphine flux was varied between 1.5 and 3
(TMIn) [4], as well as with gas source MBE SCCM. Iron-doped (001) oriented lnP wafers from
(GSMBE) [5] using a solid In source. In this Sumitomo. standard grade and pre-etched. were
paper. we present a detailed description of the In-mounted without any additional preparation.
optical and electrical properties of InP as a func- The substrate temperature was continuously moni-
tion of growth conditions, particularly of substrate tored with an accuracy and repeatability of ± 30 C
temperature. phosphine cracking temperature and by using an infrared pyrometer responding at 950
substrate misorientation. At the present time. mo- nm and regularly calibrated against the melting
bility values obtained on CBE-grown InP closely point of lnSb (525°C). RHEED diffraction was
approach the record values published from meta- used to monitor the heat treatment prior to growth.
lorganic vapour phase epitaxy (MOVPE) [6]. so Low temperature (4.5 K) photoluminescence
that the different techniques appear capable of (LTPL) measurements were carried out using an
equivalent performance as far as the intrinsic Oxford Instruments CF1204LT continuous flow
material quality is concerned. cryostat and a SPEX 14018 0.85 m double grating

spectrometer. The detector is a Peltier-cooled
GaAs photomultiplier with a photon counting

2. Experimental multichannel analyser to record the spectra. The
number of measured points was 80 per meV. The

The growth experiments were carried out inside excitation energy could be tuned between 1.75 and
a VG V80H growth chamber evacuated through a 1.55 eV. from a CR 590 Pyridine 2 dye laser

0022-0248/91/S03.50 1 1991 - Elsevier Science Publishers B.V. (North-Holland)
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pumped with all emission lines of an Ar' Spectra The LTPL spectra usually show two broad
Physics 2016 laser. The spot size was nominally emission lines. The first one, at 1.418 eV, is about
130 usm and the sample was at an angle of 450 10 meV wide and is attributed to band-to-band
with respect to the incident and collected beam recombination. About 33 meV below, the second
axis. emission is due to a donor-to-acceptor (D°-A °t )

recombination.
Between 480 and 520*C, the residual doping

3. Effect of substrate temperature level slowly decreases to the low-101 cm-3 range
and mobilities between 30,000 and 50,000 cm2

Layers grown between 445 and 480°C show V s-1 are obtained. The major LTPL line is
high n-type residual doping levels (mid-10' 5 to now due to the exciton bound to a neutral donor
mid-10 6 cm-3). Hall mobilities are usually below (D0 -X). The free exciton X is clearly visible (fig.
3000 cm 2 V s-t at 300 K and do not exceed IA). The (D-A) impurity emission is much
20.000 cm2 V-1 s - at 77 K. The compensation weaker, usually undetectable.
ratio is in the 0.6 to 0.8 range. The substrate-layer Above 520' C, the residual doping level fails
interface sometimes shows an enhanced carrier below 5 x i0 4 cm-3 at 77 K and mobilities are
concentration, the origin of which is not clear, routinely over 80,000 cm2 V- s ' (fig. 2). Relia-

n=
.. fB.X

"Dx  
=h)

- 13

C -

E (A!- X)

1.414 1.421 1.414 1.416 1.418 1.420

Energy (eV) Energy (eV)

Fig. 1. Photoluminescence spectra at 6 K of two InP layers grown at 520 'C (A) and 540' C (B).

Sample Excitation Excitation Nd - N A La)er
density energy at 77 K at 77 K thickness
(mW cm -2) (eV) (cm - ') (cm2 V - I cm - i) (Mm)

A 480 1.75 1.5 X 10l 51.000 2
B 75 1.75 4.3 < 10' 105,000 7
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460 480 500 520 540 106 4. Effect of cracking temperature

Substrate temperature (°C)
The highest purity layers were finally obtained

S 10 5  by lowering the phosphine cracking temperature

E 77Ko from 880 to 810'C. Hall mobilities as high as
00 o 4700 cm 2 V- s- at 300 K and 153,800 cm2 V-1

s at 77 K with Nd- Na =1.5 × 10 t ~cm3 have
ae 104  been measured for a 5.5 fim thick layer grown at
0
E , 300K 541' C. Lowering the cracking cell temperature

further down to 760'C did not bring any more
improvement to the purity of the layers.

103 This result complements the observation of
10 Kawaguchi et al. [10] for layers with Nd - N in

the 1015 to 10 7 cm- 3 range. It is not clear whetherSo 300 K the nature and distribution of chemical species
E 101 00 inside the beam resulting from the cracking of
.!" 0PH 3 is more favourable at lower cracking temper-

M ature or if reduced outgassing from the cracker is
"1/o the essential reason for the growth of higher purity

z 77 K layers.
The usual reference for computation of the

101 Substrate temperature (°Cl *. compensation ratio is Walukiewicz et al. [11].

440 460 480 500 520 540 560

Fig. 2. Growth temperature dependence of the Hall mobility
and the residual electron concentration of lnP layers grown 4.5K --

under similar other conditions. 2O

0.07 meV
ble measurements can only be made on thick 3
layers (at least 4 jim) because the depleted layers
at the surface and substrate interfaces are ex-

E (v-h)
pected to account for more than I jum.

The Hall data are confirmed by profiling into
layers grown with different substrate temperature (64)

stages. The carrier concentration measured by C- V C (
increases step by step as the temperature decreases E i

and the measured electron concentrations show a j

good fit with the Hall data.
On LTPL spectra, transitions due to excited 1.414 1.416 1.418 1.42

states of the exciton bound to the neutral donor, Energy (eV)
(D°-X), up to n = 5. are now clearly resolved, as ne r um (eV)
well as (D +-X) and (D°-h) lines (fig. 1B). These Fig. 3. 4 K photoluminescence spectrum of a 4.5 ,tm thick tnP

layer grown at a low phosphine cracking temperature (760 C).
features, only found on high purity material, have Excitation density is 240 mW cm- 2 . excitation energy is 1.55

been described in detail in several publications eV. Nd - No (at 77 K) is 1.3 x 10'
4 

cm - - and p (at 77 K) is

[7-9]. 150.000 cm
2 V- I s-1.

... ..t .. .. .
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However, for high purity layers the compensation _10 0 1 2 3 4

ratio and the maximum mobility seems to be 6_

underestimated. As a result, the compensation
ratios calculated from this model are close to zero
or even negative. Using a more recent model by E

Tagushi and Yamada [121, we find that most of :10 l
our layers stand below 0.4 with lowest values
below 0.2.

An example of a LTPL spectrum of a very high E
purity sample is given in fig. 3. The linewidth of 4 Substrate: Cracker:
the (D"-X), emission is 0.07 + 0.01 meV. With X 10 i 527'C 8101c

increasing excitation density. the free exciton 1016 535'C MC

rapidly dominates the spectra but the (D°-X)12 1 U 54Cc 76 C

lines remain visible on the lower energy shoulder. ,
These photoluminescence spectra stand among the E
best which have ever been reported for InP. o
whichever growth technique was employed [4,7,13]. lots

5. Effect of substrate misorientation 11
10TM  

0

On standard grade, exactly (001) oriented sub- 0 1 2 3 4
strates. the layer morphology is excellent up to
about 5000C. A residual defect density varying Misorientation (degrees)
from 200 to 600 cm-2 is attributed to particulates Fig. 4. Influence of substrate misorientation on the transport
contaminating the surface during cleavage, In properties of layers grown side by side in 3 different runs.

bonding, handling in the class 100 hood and trans-
fers inside the vacuum system. An increasing den-
sity of elongated defects appears when the temper-
ature is risen from 500°C. Their density is 104

cm - at 520 * C. Above 545' C the morphology is
seriously degraded. Etching the wafers in a be less than 20 C. In all four layers, the misorien-
bromine-methanol solution prior to In-mounting tation significantly improved the layer mor-
is not found to be beneficial. In contrast, the use phology. On 4.2 to 5 Am thick layers grown on
of pre-etched grade wafers brings a dramatic im- 3.5' off oriented substrates, the defect density
provement in the defect density; however, under falls below 600 cm- 2 at 540'C, below 500 cm - 2

our growth conditions of low V/Ill ratio, it can- at 535°C and below 360 cm - 2 at 527°C. The
not be reduced below 10 4 cm-2 for 5 Am thick surface roughness is otherwise not visible under
layers grown at 540 'C. Because the highest purity phase contrast optical microcope examination.
layers are precisely obtained at these higher tern- The misorientation has a slight detrimental ef-
peratures, we have run comparative experiments fect on the impurity uptake during growth (fig. 4).
on wafers disoriented by 20 and 3.50 towards A small increase in the intensity of the (A°-X)
(Ill )A. To exclude any problem linked to varia- peaks is also perceptible on one, otherwise un-
tions from growth to growth, we mounted one changed, LTPL spectrum. Clearly, the tradeoff
exactly oriented and 2 misoriented wafers side by seems to be quite acceptable. This result comple-
side. Four growth experiments were carried out at ments the study by Benchimol et al. [3] on layers
527. 535. 540 and 5460 C. In each case, the wafer- of higher residual doping levels obtained with
to-wafer temperature variation was measured to TEIn where no deterioration was found.
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6. Conclusion tamned help during the layer growth program. This
work was supported by Thomson-CSF.

InP layers with 77 K Hall mobilities over
100,000 cm2 V - 1s - . residual donor concentra-
tions below 5 X 10"~ cm -3and defect densities
below 600 cm - are routinely grown on our CBE Rfrne
equipment. Growth temperatures between 525 and Rfrne
545*C. phosphine fluxes between 2 and 3 SCCM
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The optimization of In Ga 1 , .As and InP growth conditions by CBE

M.E. Sherwin, G.O. Munns, M.E. Elha, E.G. Woelk, S.B. Crary, F.L. Terry and G.I. Haddad
Center for High Frequency Micro-Electronics. Solid State Electronics Laborator', 2435 EECS Building. The L-niersinv of Michigan.
Ann Arbor. Michigan 48109-2122. USA

Minimization of the number of experiments needed to fully characterize and optimize the growth of epitaxial material is the first
important step in realizing state of the art device structures. While widely used in some fields such as chemical engineering, response
surface modeling (RSM) has been little used in crystal growth applications. Using RSM. input parameters such as substrate
temperature hydride injector temperature and V/Ill ratio, were simultaneously adjusted to characterize the crystal growth process.
This technique identified interactions among parameters, minimized the number of experiments necessary to understand and
optimize the process, and minimized the variability of the growth process. RSM has been applied to the CBE growth of InGaAs and
InP with the purpose of generating an operating point at which both good surface morphology and high mobility material can be
produced. Although the best 77 K InP mobility was 70.000 cm 2/V.s. in order to improve the surface quality the input parameters
%kere changed so that the final mobility was 37,000 cm 2,/V- s. Although the quality of the lnGaAs layers showed a dependence on the
reactor histor-, there did not appear to be any sensitivity to variations made in the operating conditions. The best 77 K lnGaAs
mobilltt was 62,500) cm2

,'V- s.

1. Introduction ratio. The goal was to find an operating point that
produces high mobility InGaAs and InP with good

Response surface modeling (RSM) is a power- surface morphology.
ful technique for process optimization [1,2] but Grown layers were evaluated for mobility and
has been little used in crystal growth applications, background carrier concentration, surface mor-
One of the primary advantages of RSM is its phology, composition and growth rate. All mobil-
ability to reduce the number of experiments re- ity measurements were carried out at room tem-
quired to fully characterize and optimize a pro- perature and 77 K using patterned Hall samples.
cess. This can be very important for CBE growth, Surface morphology was evaluated by visual in-
where the large number of possible material sys- spection of Nomarski photographs. By comparing
tems precludes a factorial design of experiments, sample photographs against a present standard a
An integral part of RSM is the design of experi- rough measure of hillock density was determined.
ments. The choice of experimental points has a Surfaces were rated from zero to ten, with ten
profound effect upon the uncertainty in the re- indicating a perfect surface.
suits. All of the experiments carried out in this
study were performed using a first generation
Varian Gen If MOMBE reactor. Source materials 2. Design of experiments
used were TMI, TEG. AsH, and PH,. During this
study the flow rates of the group IIl elements were A common approach to experimentation in-
held constant. During lnP growth, the TMI flow volves holding all parameters fixed, except the one
rate was 1.25 SCCM. During lnGaAs growth, the being explored. The response would then be maxi-
TMI flow rate was 0.87 SCCM and the TEG flow mized with respect to the first variable, which
rate was 1.13 SCCM. The control variables that would then be fixed at its "'optimal" point while
were adjusted were: substrate temperature (T,,). the second variable is varied. This process pro-
hydride injector temperature (Tin), and V/Ill ceeds, cycling through all the variables, multiple

0022-0248/91 /S03.50 1 1991 Elsevier Science Publishers B.V. (North-Holland)
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times if necessary, until no further improvement minimum point design, only ten points were
in the response is observed. Unfortunately, this needed to model the second order response with
method can be very inefficient and there is no three independent variables. One of the disad-
guarantee of finding the true maximal response vantages of a minimum point design is its inability
[1]. One way of avoiding this problem is to set up to provide a measure of the error of the fitted
a rectangular grid of operating points evenly dis- response surface. The ten experimental points
tributed over the input parameter space. This has were: (0.96, 0.1, -0.1), (-1, -1, -1), (1, -1, 1),
the disadvantage of requiring a large number of (-0.1, 0.1, 0.96). (-0.1, -0.96, -0.1), (1, -1.
experiments. - 1), (- 1, 1. 0.25), (1, 1, 1), (-1, - 0.25, - 1) and

For the optimization of lnGaAs a central com- (0.26, 1. - 1).
posite design of experiments was used. It is recom-
mended that all input variables be normalized [3].
so that they range from roughly - I to 1. This is 3. Results
especially true with this problem since T,, can
vary by ±75°C while the V/Ill ratio varies by The primary goal of this study is to determine a
only ± 5. By normalizing all variables, all changes single operating point where both good lnGaAs
will be of the same order of magnitude. Assuming and InP can be grown. T,,, and T, are common
that the responses, morphology and mobility, variables for both InGaAs and InP. while the
could be modeled by second order equations and arsine and phosphine flow rates are independent
with three input variables, T., T,, and V/Ill for each material. The actual substrate tempera-
ratio, a central composite design requires a mini- ture is estimated to be 55 0 C below the setpoint
mum of 15 experiments [1]. The experimental 141. The morphology scale is from zero to ten. In
points are divided into three categories: cube, star order to scale the mobility, the natural log of the
and center points. The cube portion consists of mobility was linearly scaled so that 10,000 cm2/V
eight points arranged in a first order 23 factorial • s was equal to zero and 100.000 cm 2/V s was
design. (+ 1, + 1, + 1). The star portion consists equal to ten. All of the statistical analyses per-
of six points, (0. 0, + a), (0, + a, 0) and formed for this study were carried out using RS/1.
(±a 0, 0). Although the choice of a is up to the a statistical package donated to the University of
experimenter, a value of 1.682 was used following Michigan by BBN Software Products Corporation
the advice in ref. 12]. This choice of a results in of Cambridge. MA.
spherical contours of the expected error in the
response surface around the center point. This 3.1. InGaAs
feature names the design rotatable. The minimum
number of center points (0. 0. 0) is one, but for The center point of the central composite de-
this experiment three center points were used to sign was: Tu = 580'C, T,,) = 900'C and the
help obtain a better idea of the variance of the V/Ill ratio was 10.0. The distances from the cube
individual measurements. The 17 experiments were center to the cube faces were 20 °C for T,,h, 50 0 C
arranged in random order and conducted sequen- for T,,, and 2.5 for the V/Ill ratio. The distance
tially. to the star points was the distance to the cube face

For the optimization of InP a minimum point multiplied by 1.682.
near I-optimal design was used. Whereas a rotata- The highest mobility lnGaAs grown had a 77 K
ble central composite design is arranged so that mobility of 62.500 cm 2/V _ s' with a background
the response error is symmetrically distributed carrier density of 5.3 x 1014 cm -'. The 77 K mo-
around the central point, an I-optimal design is bility showed a linear increase with sample num-
arranged so as to minimize the average expected ber, with no discernible dependence on any of the
error in the response surface over the entire do- three input parameters. It is believed that this is
main of the parameter space. As before, all input due to the outgasing of the hydride injector. The
variables were normalized from -1 to 1. Being a last four experiments with drastically different
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operating conditions all showed 77 K mobilities
over 50,000 cm2/V • s while the surfaces of all 17 50

samples were featureless, showing no dependence 40

on operating conditions. This indicates that the 40

lnGaAs is not very sensitive to the operating 4 30

conditions. - 2 2

Over the explored range of operating points. f1
both the misfit and growth rate showed variation to

with the input parameters. The growth rat, as o
measured with a selective etch. showed a linear -to o

dependence on the V/Ill ratio and the injector ,50

temperature. This dependence is shown in fig. 1 625S b 600 1
The misfit, as measured by double crystal X-raySlrbte 600

diffraction, is shown in fig. 2. The quadratic de- e/o7 550 . 5 ,.
pendence of the misfit on the substrate tempera- 525 50

ture agrees with the findings of Andrews and C)

Davies [5]. In determining the relationship for the Fig. 2. lnGaAs lattice misfit as a function of substrate temper-
ature and V/Il ratio. The filled symbols are above the fitted

misfit a small long term system drift observed surface, while the empty symbols are below the fitted surface.
earlier was ignored [4].

3.2. InP
data analysis after the 10 experiments were com-

The center point of the minimal point I-optimal pleted indicated that the quadratic models for
design was: T, = 580 0 C. T,, = 900 ° C and the mobility and morphology were unacceptable. Since
V/Ill ratio was 12.5. The excursions from the there were only 10 data points and 10 terms in the
cube center to the cube faces were 25°C for T,,,. quadratic equation. the equation would pass
60 0 C for T,, and 5.0 for the V/Ill ratio. Initial through each data point. This would be adequate

if the system had very low noise. In order to
improve the validity of the fitted equations, data

085 from previously grown InP layers were added to
085 the data set. Although the group II flow rate was

Z 080
080 Z somewhat different, it was felt that this variation

0 0 75 E was secondary to the three variables being ex-
0 75 - plored. A total of 16 data points was used to

0 2 obtain the final fits to the mobility and mor-CA' 0 70 C

655 phology. The growth rate, as measured by an
o: 06 5 interface stain, did not show any statistically sig-060o--

060 0 nificant variation over the operating conditions.
800 Both the mobility and morphology showed sig-

850" 50 nificant dependence on the input parameters. with
So 00to no discernible dependence on reactor history. Ta-

4., 950 1 .25 ?
'  ble I shows te correlation matrix between the

t, ,, oo 1s c input parameters and the response variables, scaled
( C,', mobility and morphology. The most striking fea-

ture is the difference in signs between the scaled
Fig. I. InGaAs growth rate as a function of V/111 ratio and mt y is the morphology correlations with all
hydride injector temperature. The filled symbols are above the mobility and
fitted surface, while the empty svmbols are below the fitted three input parameters. This is further borne out

surface, in the fitted equations given below.
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Table I by Karlicek et al. (7]. Using the above equations

Correlation matrix for lnP 77 K scaled mobility (10 and and the optimization routine available in RS/1.

suracemorhoogyM vrsu _b, T, and the V/111 ratio we were able to determine an operating point that

T. T, V/Ill A Mf had both acceptable morphology and good mobil-

T~' 1.0 0.065 0.196 0.347 -0217 ity. This operating point was: T,,tb = 5800' C, T,J

T 0.065 1.0 0.107 -0.519 0.244 =894'C and the V/Ill ratio = 14.2. Confirma-

v/Ill 0.196 0.107 1.0 -0.211 0.353 tion runs at this operating point gave a 77 K

P 0.347 -0.519 -0.211 1.0 -0.358 mobility of 37,000 cm 2/V -s with good mor-

M -0217 .24 0.3, -. 358 1.0phology. Both the surface quality and the 77 K
mobility agreed well with the predicted values.

Some further work will be done to determine
the effects of substrate misorientation and growth

Morphology rate. It is anticipated that with these additional

= 8.892- 0.386( i~ - 80)parameters it should be possible to obtain a good
8.882 - .0362(T, - 80)surface at the highest mobility available.

+ 0.01004( T~n - 900)

+ 0.3399( V/Ill - 12.5)

+t 0.00531 ( T, - 900) (V/1I 1 12.5) 4. Conclusions

- 0.00438( T - 580) 2The results presented here show the applicabil-

- 0.4824V/Il - 1.5),ity of response modeling techniques to the CBE
- 0.4824 V/Il 125 P.growth process. As shown by the problems en-

IU5.1347 + 0.036178( T0  
580) countered with the minimumn point near 1-optimal

design, it appears necessary to perform additional

- 0.01905(, -- 900) experiments to be able to test the model and to

- 0. 1343( V/Ill1 - 12.5) determine the error of the fit. Using FSM. a

+ 0.110(T.,- 50)(/111- 1.5)compromise operating point has been found which

+ 0.l1O(T~h- 50)( /Il - 1.5)produces both good lnP and lnGaAs for future

- 0.00298( 7, - 900)(V/111 - 12.5) heterostructure work. A future effort will also
involve modeling those elements of the growth

- 0.02203( V/Ill - 12.5)2. process that drift in time.

A graphical representation of this equation is

difficult to obtain since this would require a four-

dimensional graph. It is very important to take Acknowledgments

great care in trying to visualize this information

[61, A series of three-dimensional graphs with one The authors would like to thank 3-D Visions
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Growth of GaInAs and GaInAsP lattice matched to InP
by metalorganic MBE

H. Heinecke. B. Baur, R. Hbger, A. Miklis and R. Treichler

Seniep'n Revear'h Laboratories, Otto-Hahn-Ring 6. 14.8000 Miinchen 83. Gernmany

Thi, stud% reports on the growth of GalnAs and GalnAsP single layers and heterostructures by metalorganic MBE (MOMBEI
using trimethylindium ITMI). triethvlgallium (TEG). arsine (AsH,) and phosphine (PH,) as starting materials. The growth
parameters were optimized for a temperature range where also high quality InP is available. Ternary and quaternary layers exhibiting
excellent uniformit, across a wafer diameter of 3 inches were obtained with regard to layer thickness ( < 1.57) and material
conposition. SIMS measurements on GalnAs/lnP and GalnAsP/lnP double heterostructures revealed even for the problematic
element As an abrupt modulation of about three orders of magnitude or more depending on the structure.

1. Introduction where we obtain high quality lnP layers. Special
attention was paid to the modulation of the ele-

Metalorganic MBE (MOMBE. CBE) has been ments in InP/GalnAs/GalnAsP heterostructures
developped intensively during the last years. Al- and the achievable uniformity concerning laver
though this technique offers specific advantages thickness and material composition.
for the epitaxial growth of InP based materials,
there are only a few reports on GalnAs [1.2] and
GalnAsP growth [3.4]. The principal advantage of 2. Experimental
MOMBE for the deposition of As and P contain-
ing materials is given by the precracking of the As starting materials for the growth of InP/
hydrides AsH, and PH, in the gas injectors. In GaInAs/GalnAsP. pure AsH , , PH, (both ther-
contrast to this. the situation seems to be more mally decomposed in a cracker). TMI and TEG
complex in metalorganic vapour phase epitaxy were injected into the growth chamber. The mass
(MOVPE), where the hydrides have to be dissoci- flux of the gases was adjusted by high precision
ated in the high temperature zones at the substrate pressure control loops. Technical details of the
area. Consequently. the different thermal stabili- growth equipment and the procedure of substrate
ties of AsH, and PH , lead to a complicated As/P preparation are given in ref. [9].
incorporation behaviour and require relatively high Half 2 inch lnP wafers (iron doped 2' off (100)
deposition temperatures [5,6]. However, also for towards next (110) plane) were In - mounted on
the MOMBE growth there are anomalies reported the 3 inch substrate holder excentricallv. so that
concerning the incorporation of lattice constituent more than the radius of the holder is covered by
elements. Here the Ga uptake can be affected due the wafer. The wafers were analysed with regard
to a growth temperature stimulated desorption of to thickness, material composition and electrical
Ga containing molecules if TEG is used as an Ga properties (Hall measurements). 5/25/45 mm
source [1,7,8]. (positions A/M/B) counted radially inwards from

The intention of this investigation was to opti- the limit of the holder. Layer thicknesses were
mize the growth conditions for GalnAs and evaluated by SIMS analysis with an accuracy of
GalnAsP in a temperature range (515-530'C) better than 1.5%. The As/Ga profiles of the dou-

0022-024/91/$03.50 1991 - Elsevier Science Publishers B.V. (North-Holland)
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ble heterostructures were recorded by SIMS using between 525 and 5310C. The evaluation of the
0' or Cs' ion beams at an energy of 5.5 keV in a corresponding binary growth rates is in line with
Cameca IMS 3F. the earlier findings in ref. [1] that the GaAs growth

The material composition was determined by rate is reduced by increasing the growth tempera-
double-crystal X-ray diffraction and 300 K/2 K ture (see fig. 1b). This phenomenon was recently
photoluminescence measurements. explained by the desorption of diethylgallium

molecules, which is promoted in the presence of
indium [8,11].

3. Results and discussion Since TMI and TEG were injected via a multi-
ple gas cell, alkyl exchange reactions which were

3.1. GalnAs growth indeed observed at room temperature [12] could
also affect the growth mechanism. In order to

The dependence of the lattice matching of the achieve more insight, the TEG was injected via a
GalnAs layers with respect to InP (evaluated from separate second gas cell. S.:bstrate rotation was
the X-ray data) on the growth temperature is used for these experiments. T;. .tta in fig. la
shown in fig. la focusing on the most interesting (symbols: circles and triangles) indicate a more
temperature range between 510 and 545'C. The efficient incorporation of Ga in the case of sep-
results marked using squares were obtained by arate injection since the TMI flux was exactly the
injection of TMI and TEG through a multiple gas same in all experiments. It can also be estimated
cell. This ensures even without substrate rotation that for strong Ga-rich conditions, the effect of
an excellent compositional uniformity [10]. The the growth temperature on lattice matching is
data show that for a lattice matching of Aa/a < 2 reduced.
X 10- 4 (at fixed beam pressures), the substrate The observed effect cannot be explained by
temperature has to be controlled in the range errors in gas flux calibration, since a common

injection through the second gas cell yields at
5240C a mismatch of -400 ppm. This finding is

then in agreement with the upper curve in fig. Ia.
PTMI be., 708 10 

4
Pa However, the difference between separate and100- 1 Loo- PTG .a, 127 •10 3 Pa common injection needs further investigation.

0 PTEGrbe.n 110, 10 
3

Pa Fig. 2 presents the dependence of the GalnAs
A PTEG beam 121 , 70 3Pa XCmoie110Cmon growth rate and of the In concentration on the

injection
beam pressures of TMI and TEG. There is only a

C smal tedec toI-rich conditions for lower
E

growth rates which can be caused by crosstalk
Separate

V/Ill ratio used for these experiments. These

a -results show that growth rate ramping is possible
l Swithout affecting material composition and that

0 InAs GaAs the above discussed Ga-molecule desorption must
depend in a nearly linear way on the TEG adsorp-

05- n tion flux for closely lattice matched GaInAs
growth.

0.3 Fig. 3 gives an overview of the (004) X-ray
053 to Bragg reflection linewidths versus the lattice mis-Temperature C)_ * match 8a/a for samples grown under different

Fig. 1. Effect of growth temperature on: (a) GalnAs lattice experimental conditions. The layer thicknesses
matching using various TEG injection conditions: (b) InAs vary between 1.6 and 2.1 pm. There are a number

and GaAs growth rates, of samples with linewidths between 15 and 20 arc
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08- p,,, beam 577 10 4

Pa'i 1 15 ++ ++
PTEG 0eam 129 10 3Pa 5 I

500 0 500 10
Substrate rotation 30 rpm 0a/a (ppm) ------ 1

06-A/ pm

EFig. 3. Dependence of X-ray linewidths on lattice matching
between GalnAs layer and InP substrate.

7 04
and 3 reflect the high degree of control over the
material composition.

02 o The free carrier concentration (always n-type)
T 529 -C

PAH3 e 708 t 
3 Pa in the nominally undoped layers grown directly on

semi-insulating substrates lies between 6 x 10 4
20 40 60 80 o and 2 xIO1 cm - 3. depending on the process

Pr boen PrEG Oe.,I ) - parameters. Hall mobilities between 10000 and
Fig. 2. Dependence of TMI and TEG beam pressure on: (a) 11000 cmiV _ s were measured at 300 K and

(GalnAs growth rate: (b) indium concentration in GalnAs. between 40000 and 47000 cm 2/V - s at 77 K.
The layers show intensive photoluminescence

sec. Even at a strong mismatch of minus 2500 and the spectra are clearly dominated by bound
ppm the FWHM value is only about 33 arc sec exciton recombination. The FWHM of the bound
(this laver is only I ym thick). The data of figs. 2 exciton recombination is only 2.3 meV [10].

4 Intensity (a. u.)

3 0

25-

20- B

B B 

M

10000 10500 11000 11500

Wavelength(, - *

Fig. 4. Room temperature photoluminescence recorded on GalnAsP layers showing 1.05 and 1.11 tlm energy gap wavelength material
composition, measured at the positions A/M/B (beam pressures: Ppl, = 5.8 Y 10 ' Pa: Xi = i.11 ptm: P.,,,,= 4.7 xl0 4 Pa.

PtM,=
3 .2 ×x1 4 Pa. P1,_=5.9x0 4 Pa: A,=1.05 m: P,,, =3.3x10 4 Pa. PiMi = 5.5x 10 4 Pa. P.( = 7.3x 10 4 pa).
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3.2. GaInAsP growth these experiments, the same uniformity data from
table I should be achieved over a real 3 inch

According to the results of the preceding sec- substrate area.

tion, the quaternary materials were deposited at a The absolute thickness variation for all three
temperature of 529°C. Fig. 4 presents the 300 K materials is less than 1.5%. which is roughly the
photoluminescence spectra of GalnAsP having an accuracy of the used measurement technique.
energy gap wavelength of 1.05 and 1.11 pim, re-
spectively. The growth rate was 0.22 pm/h for the 4. Growth of heterostructures
1.11 pm material and 0.4 ptm/h for the 1.05 pm
material. Lattice matching to InP is better than For the growth of InP/GalnAs/GalnAsP het-

4 X 10 4 for the 1.11 pjm wavelength materials. erostructures. group V element switching at the

The spectra are recorded at the positions A/M/B interface is an important factor. In order to stud'

of the layer (see also table 1). The FWHM of the the modulation of As. double stacks of double
300 K photoluminescence lines varies between 42 heterostructures were grown under different
and 46 meV. The flux ratios of PPHh,.bar,/ growth parameters. Since all single layer growth

( P 11 !.hcm + P H,.hn ) for both material composi- parameters are optimized in the same temperature
tions fit quite reasonably into the curve presented range, the structure could be grown without growth
in ref. [3]. Hall measurements revealed mobilities interruption at 529'C. The material fluxes were
biwcen 3000 and 4800 cm 2/V • s at 300 K and switched by gas valves and not by cell shutters.
hoween 2000 and 31000 cm 2/V -s at 77 K with Fig. 5 presents the SIMS depth profiles of the

free carrier concentrations in the high 1014 cm 3 As signal in sputtering through the structures. The
range. GaA1471n1,,,As layers in fig. 5a were grown under

a high AsH, supply. The DH layer sequence closer

3.3. Uniforrmiy of grown materials to the substrate was grown at a constant In flux,
whereas the upper structure (left side, fig. 5a) was

As already pointed out in section 3.1, extreme grown at a nearly constant growth rate (=

composition uniformity in GalnAs layers can be pm/h). There is a sharp drop in the As signal by
obtained even without substrate rotation. How- more than two orders of magnitude. The shape of
ever, for the best thickness uniformity, substrate the profiles prove that As interdiffusion at the
rotation is required in our MOMBE system based growth temperature of 5290C plays only a minor
on a conventional MBE chamber. In table 1 the role. The slopes of the As decay are affected by
results are summarized with regard to thickness the growth speed. as can be seen in fig. 5a by
measurements. X-ray data and gap wavelength for comparing the As signal in the two lnP cover
InP. GalnAs and GaInAsP layers. The data are layers.
measured in the positions A/M/B on a half 2 At the higher growth rate, the As uptake is
inch wafer. Since substrate rotation was used for levelling out slowlier (surface layer). These ob-

table I
Data on lateral uniformity for thickness and material composition measured at three points (see section 2)

Position InP GalnAs GalnAsP
layer thickness Layer thickness Aa/a Layer thickness .A/a ,9A,,

(#)(jum) (O m)

A .99 0.821 1.5 x 10 4 0.807 -6.5 x 10 4 1.048/1.107
M 2.02 0.830 0 0.800 -2 x 10 1.050/1.108
8 1.99 0.818 0 0.795 0 1.052/1.109

Variation 1.5% 1.5'* 1.5% 4 nm 2 nm
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servations indicate that there must be a small but growth these hot cells and filaments ar then a
constant source of As, possibly coming from hot rapidly depleting source of Ga.
filaments [131, and a more intensive but depleting It is worth mentioning that the observed Ga
source which is built up by a positive adsorption- and As memory effects are at a very low absolute
desorption balance at intermediate temperature level (log scale in fig. 5!) so that the characteristics
spots in the system. The latter can be only de- of the heterostructure and single layers are not
tected directly after the growth of an As contain- disturbed. This is proved by the fact that the 2 K
ing material and the amount depends on the As photoluminescence spectra of the lnP cover layers
supply during that growth period. This is con- from fig. 5a do not exhibit any pecularities. In
firmed by the SIMS profile of an InP/GaInAsP/ addition, GaInAs/InP single quantum well struc-
InP structure grown under a much lower AsH 3  tures have been grown on 2' off oriented sub-
supply (see fig. 5b). Similar but more pronounced strates without growth interruption at the inter-
effects of As uptake in InP are observed in face.
MOVPE grown InP/GaInAs heterostructures 1141. The 2 K photoluminescence of 100 A thick
In MOVPE these effects can be explained by wells reveals symmetric and sharp PL lines with
autodoping originating from material grown on linewidths of only 4.3 to 4.5 meV.
the susceptor.

Furthermore, fig. 5a reveals that also some Ga
is carried into the InP cover layers. however, at a 5. Conclusions
significantly lower level than As. Due to the fact
that Ga molecules are desorbing during the growth The results of this study have shown that the
of GalnAs or GaInAsP, a certain amount of these epitaxial growth of high quality GalnAs and
species can enter the hot cell areas. During the InP GalnAsP layers can be obtained. An optimized

Atoms/cm
3
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23

InP InGaAs InP InGaAs InP InP InGaAsP InP

102
2 -

S S
1021 b
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Fig. 5. SIMS depth profiles of arsenic and gallium measured on: (a) double InP/GalnAs/InP structure grown under different
parameters (see text) layer thickness (in /pm) from left to right: 0.5/0.22/0.4/0.22/0.22/ substrate: (b) GaInAsP (A. = 1.1 pm) DH

structure; layer thickness tin pm) from left to right: 1.0/0.45/0.45/ suhstrate.
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The design of an ECR plasma system and its application to InP grown
by CBE
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and G.I. Haddad
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An electron cyclotron resonance (ECR) plasma system has been designed for the purpose of using an excited beam of gases
during CBE growth. The system was designed to use hydrogen, nitrogen and argon. An ECR plasma system has the ability to ignite a
lo% pressure and low temperature plasma with very low ion energies. which should minimize any damage to the growing layer. The
motisation behind using a plasma during growth is the ability of atomic hydrogen to remove contaminants from the growing layer
and to enhance the decomposition of organometallic precursors at low substrate temperatures. InP grown with a hydrogen plasma
showed an n-type background carrier concentration of 6.0 x 10I cm '. with a rough surface and a strong photoluminescence peak it

1.378 eV. A control sample grown with excess hydrogen but w% ithout the plasma had a background Lartier concentration of 1.0 x 10'
cm a 77 K mobility of 65.000 cm', V. s and a sery weak photoluminescence peak at 1.378 eV. The most likely cause for the laser
degradation during plasma growth is an intrinsic defect such as an antisite defect or a vacancy. The n-type nature of the laver and the
relatively high carrier concentration would seem to exclude the possibility of carbon or any other unintentional impurities.

I. Introduction decomposition temperature of the group V pre-
cursor. Meikle et al. [51 have suggested that the

Hydrogen and nitrogen plasmas have been used addition of hydrogen to a nitrogen plasma should
to aid in the growth of GaAs. GaN and other help prevent the formation of AI-C during the
materials [1-3]. When the epitaxial process occurs growth of AIN from trimethvlaluminum. In desig-
at very low pressures. below I X 10 ' Torr. an ning an ECR system for CBE growth of nitrides. it
ECR plasma source is one of the most convenient is important to have the ability to arbitrarily vary
techniques to generate a plasma. An ECR plasma the composition of the plasma.
system is a powerful method for generating an The ECR plasma injector was installed in a
excited beam of gases during CBE growth. first generation Varian Gen II MOMBE reactor.

ECR plasmas have been proven effective for The source materials used were trimethvlindium
the growth of nitrides. specifically GaN and AIN. (TMI) and 1007 phosphine. The CBE system has
For nitride growth without plasma assistance, it been described elsewhere 161. The experiments were
was found that hydrazine is a better source of carried out with a TMI flow rate of 1.25 SCCM. a
nitrogen than ammonia [4]. However. work done V/Ill ratio of 14.2, a substrate setpoint of 5800 C.
with ECR plasmas and nitride growth have shown an alkyl injector temperature of 50'C, and a
that nitrogen can he an effective source material hydride injector temperature of 894'C. The actual
151. The reactivity of ionized nitrogen eases some substrate temperature is estimated to be 525'C
of the constraints on the growth conditions. The [6]. The samples were analyzed with patterned
substrate temperature is no longer limited by the Hall measurements, etching C-V measurement

and photoluminescence (PL). The excitation wave-
length for the PL measurements was 488 nm. and

* Present address: Sandia National Laboratories. Alhuquer- the intensity was approximately 1.2 W/cm-. The
que. New Mexico 87185. USA. PL measurements were done at 14 K.
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2. The ECR plasma system the gas stream is controlled by 3 parallel MKS
1259 mass flow controllers, allowing any mixture

The plasma injector was pui.hascd from Wave- of hydrogen, nitrogen and argon. The flow rate
mat, Inc. [7]. The injector was designed to fit in a into the growth charnher is controller by a molecu-
standard Knudsen cell port in the source flange of lar flow element (MFE). By varying the pressvre
the Varian Gen II MOMBE. A schematic of the across the MFE. the flow rate can be varied up to
injector is shown in fig. 1. The injector was de- 50 SCCM, with a resolution better than 0.1 SCCM.
signed to take advantage of the resonance that However, due to the low conductance of the
occurs when microwave energy couples with the plasma injector itself (3.7 x 10 - l/s) [7], at flow
resonance frequency of electrons in a static mag- rates over 5 SCCM the presence drop of the
netic field [8]. Making use of this resonance allows injector itself is used to control the gas flow. It is
the plasma to be ignited at low pressures and low postulated that replacing the MFE with a laminar
temperatures, minimizing damage to the growing flow element, which can sustain a larger pressure
layer. The injector was designed to minimize drop across the element, will result in a more
plasma recombination within the discharge region. controllable flow rate in the 10 to 20 SCCM
The materials located near the discharge region range.
are quartz and stainless steel.

The gas delivery system was designed to allow
independent control of gas composition and flow 3. Results
rate into the reactor. The present system was
developed for use with nitrogen. hydrogen and In order to test the applicability of a hydrogen
argon. A layout of the gas delivery system is plasma during the growth of InP three layers were
shown in fig. 2. There are two distinct portions of grown: bulk undoped InP. lnP with a hydrogen
the gas delivery system, composition control and plasma, and InP with excess hydrogen but no
flow control into the reactor. The composition of plasma. The electrical properties are summarized

(Co ,axial Microwae Input

4.5 "0 I) C'onflal Flange

0J

Cooling (Gas

Input

Micrometer Tuning
ofAntenna

(as Feed Inlet

Source Oulput

Plasma and Free Radical )ischarge Region

Fig. 1. The ECR plasma injector purchased from Wavemat. Inc.
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Manif d Control. Vent/Run

Valves Valve

Check
Port Control

H2 N2 A r Turbo

pump 0

Fig. 2. Layout of the gas delivery system.

in table 1. Samples 135 and 136 had an excess crystal defect such as an anti-site defect or a
hydrogen flow of 9.5 SCCM. while the plasma for vacancy. After installing the ECR plasma system.
sample 135 was ignited with 50 W. Sample 135 hydrogen and nitrogen were flowed into the growth
showed significant deterioration in surface quality, chamber and analyzed with a UTI-100 quadrupole
while samples 134 and 136 had excellent surfaces. mass spectrometer both with and without igniting

Photoluminescence spectra were taken of the a plasma. No contaminants were observed over
three samples in the 1.2 to 1.5 eV range. Sample the range from I to 100 amu. The energy of the
134 shows a band-to-band peak at 1.413 eV with a second PL peak corresponds to a carbon acceptor
FWHM of 4.8 meV. Sample 135 shows a band- level 19]. but the n-type nature of the layer and the
to-band peak at 1.410 eV with a FWHM of 16.8 relatively high carrier concentration precludes
meV and a strong second peak at 1.378 eV with a carbon as the unintentional impurity.
FWHM of 20.7 meV. Sample 136 shows a band- The original purpose behind introducing the
to-band peak at 1.413 eV with a FWHM of 4.8 hydrogen plasma during growth was to prevent
meV and a weak second peak at 1.378 eV. Fig. 3 the incorporation of unwanted contaminants.
shows the photoluminescence spectra of samples
134. 135 and 136. Energy (eV)

The presence of the high background carrier 1.475 1.441 1.408 1.377 1.347 1.318 1.291

concentration in sample 135 seems to indicate an
unintentional elemental impurity. However. it ap- U MA-134

pears that a more likely cause is an intrinsic - -UMA-135 (x 3)
CUA- -- UMA.136 (x 2.5)

Table I
Electncal data for bulk InP. bulk InP with a hydrogen plasma

and bulk tnP with excess hydrogen

Sample Hy- Pt- ( h t77 K) , 77 KI
No. drogen ma rate (cm (cm2/V.s) I 

(pm/h)
8400 8600 8800 9000 9200 9400 9600

134 No No 0.717 1.5d10
5  

570O Wavelength (in Angstroms)
135 Yes Yes 0.724 6.0 X 1016 2700
136 Yes No 0.590 1.9 X 10' 65000 Fig. 3. Photoluminescence spectra (if samples 134. 135 and 136.

The measurements were done at 14 K.
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However, it appears that the hydrogen plasma Initial experiments carried out with a hydrogen
interfered with the growth process. The atomic plasma during the growth of InP resulted in layers
hydrogen can tie up surface sites, and can also with a high n-type carrier concentration and a
form volatile compounds on the surface, prevent- strong photoluminescence peak at 1.378 eV. The
ing their incorporation into the growing layer. most likely cause for this is an intrinsic defect
Reactions between partially decomposed phos- such as an antisite or a vacancy. Although hydro-
phine and the atomic hydrogen would form phos- gen plasmas have been effective during the low
phine. which would not decompose at the sub- temperature growth of GaAs. it does not appear
strate. Similar behavior has been seen during hy- that the use of a hydrogen plasma at normal
dride vapor phase epitaxy of InP with partially growth temperatures ( = 500'C) is useful for lnP
decomposed phosphine [10]. The partially decom- growth. Future work will focus on determining the
posed phosphine would form volatile compounds type of crystal defect and developing a better
on the surface, leaving a phosphorus deficient model of the interaction between hydrogen and
surface. Karlicek et al. [10] have also observed a the growing surface.
deterioration in surface quality during growth with
a phosphorus deficient surface. Dry etching of InP
with hydrogen plasmas results in the formation of Acknowledgments
indium droplets on the surface [11.12]. The forma- The authors would like to thank Mr. Lam
tion of indium droplets during etching can even
occur at 50'C, demonstrating the highly reactive Davis for performing the photoluminescence mea-

surements. The authors would also like tonature of the hydrogen plasma. During the growth
of InP, the preferential etching of phosphorus b, acknowledge the assistance provided by both MKS

t dInstruments Inc. and Wavemat. Inc. This work
the hydrogen plasma will result in the grow~th of aphosphorus deficient layer. as supported bv the US Army Research Office.phophru deficient laver.DA036K007

Sample 136. grown with excess hydrogen but URI Program. Contract DAAL03-86-K-0007.

no plasma, showed only a weak PL signal at 1.378
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Surface reaction of III-V compound semiconductors irradiated
by As and Sb molecular beams

Mitsuaki Yano, Hisakazu Yokose. Yoshio lwai and Masataka Inoue
Vew A.taterial Research Center. Osaka Institute of Technolog. Asahi-ku Ohrnivu. Osaka 535. Japan

For the growth of II-V,,'II-V5 heterostructures with a sharp interface. it is important to suppress the interchanging reaction of
column V elements between the impinging molecules (V.,) and atoms of the substrates (V8 ). In order to obtain a svstematic
understanding, the chemical reaction has been examined for eight different substrate materials with beams of As and Sb. We hase
determined the critical temperature at which this reaction becomes predominant by using reflection high energy electron diffraction-
Raman scattenng measurement was also used to analyze the composition of beam-irradiated surface. Experimental results are
interpreted reasonably well by the thermochemical property of these 1li-V compound semiconductors.

1. Introduction In this paper, we report systematic analysis on

the surface reaction of impinging molecular beams

Different types of heterostructure using IIIV with various II-V compound semiconductors. We

compound semiconductors have been widely ex- focus on the reaction of As and Sb beams with the

amined as a fundamental material for optofollowing various semiconductors: AlAs. AS
tronic and high-speed device applications in the GaP, GaAs, GaSb. lnP. InAs and lnSb. The ob-

last decade. In order to realize these devices with served results will be discussed from a viewpoint

high quality performance. fine control of heteroin- of thermochemical property of Ill-V compound

terface must be achieved at an atomic scale. Ex- semiconductors.

cepting GaAs/AIGaAs, however, there are still
problems on the interface control by molecular
beam epitaxy (MBE). On the MBE growth of 2. Experimental procedure
III-V,/Ill-VB type heterostructures, the domi-
nant problem to control interface properties is an The apparatus used here is ANELVA-620 type
interchanging reaction between V, molecules in conventional MBE system. Pure metals of Al. Ga.
the beam and V1 atoms in the epitaxial layer. In. As and Sb were used as sources of molecular
Tuttle et al. reported a strong dependence of elec- beams. In-situ grown epitaxial layers, AlAs. AISb.
ironic properties on the growth condition of InAs GaAs, GaSb. InAs and lnSb on (100) oriented
channel clad with AISb 11]. They found that con- GaAs substrates, were used for studying surface
trolled growth of the interface bondings, InSh-like reaction with As and Sb molecular beams. All the
or GaAs-like, is important to obtain high mobility epitaxial layers used for experiments were grown
electrons in the channel. We have also found that for I pm and were confirmed to have a smooth
the heterointerface between GaAs and GaSb be- surface by using reflection high energy electron
comes graded in composition (2]. These interface diffraction (RHEED). In the case of GaP and InP.
properties should be governed by the chemical surfaces of (100) oriented single crystals were used
reaction of highly volatile column V elements be- for the experiment. Crystals of GaP and InP were
tween the molecular beam and the crystal surface. heated in As beam irradiation for a few minutes to

0022-0248/91/$03.50 1991 - Elsevier Science Publishers B.V. (North-Holland)
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remove the native oxides. This thermal cleaning As or Sb beams. We heated the crystals up to

process had not interchanged any atoms in InP 800'C (the temperature limit of our substrate

and GaP crystals by As atoms from the beam as heater) with steps of 200 C. In-situ monitoring of

reported by Davies et al. [3]. RHEED pattern was coni'nued throughout the

Before the experiment of surface reaction, heat treatment to determine the critical tempera-

crystals were cooled down to 400 oC (300 'C for ture of surface reaction. After the RHEED experi-

InSb). The beam intensities of As and Sb were ment, samples were taken out from the MBE

settled at 3.0 x 10 - 4 and 1.5 x 10 - 4 Pa, respec- apparatus and were analyzed by Raman scattering

tively. Under these conditions, the crystal was to determine the surface composition. We used the

heated again with and without the irradiation of backscattering configuration with a primary beam

cystal it-radiation tempcrature ( °C
400 500 600 700
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GaP B (2x4) 0

C (2x4)

A 0A (2x'l (4x2)
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Fig. I. Reconstructed RHEED patterns observed under various conditions: (A) heated without beam irradiation; (B) heated with As
irradiation; (C) heated with Sb irradiation. Open and solid circles denote the critical temperatures at which the spot and the ring

patterns have appeared, respectively.
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of 514.5 nm line from Ar ion laser to analyze the and arsenides increases by the irradiation of As
characteristic phonon mode. and Sb beams. For the case of AlAs, we could not

see any signs of deterioration in surface mor-
phology up to 800'C, independent of the beam

3. Results of RHEED experiment irradiation.

In fig. 1, we summarize the results of RHEED
experiment for the series of III-V compound 4. Analysis of thermochemical properties
semiconductors. This figure shows the recon-
structed RHEED pattern observed at each tem- Fig. 2 summarizes sublimation temperatures (T
perature under various conditions. As we can see, without beam irradiation) for the various com-
the surface structure has changed with increasing pound semiconductors appearing in fig. 1. These
substrate temperature. For instance, the surface of temperatures are also be compared with the bind-
InAs changed the structure from (2 X 4) As to ing energies, i.e., cohesive energies per bond [5].
(4 X 2) In at 440'C when it was heated without As can be seen in fig. 2, the sequence of T is in
beam irradiation. Such a structural change would qualitative agreement with that of the binding
be due to the selective sublimation of column V energy. Thus we have confirmed experimentally
atoms [4]. With increasing the temperature in ad- that the sublimation temperature is governed by
dition, the streaky RHEED signal has been the binding energy. Note that T for AlAs is
changed into the spotty or the diffused ring pat- probably well over 8000 C.
terns. Open and solid circles in fig. I show the Next, we discuss the shift of T, caused by the
critical temperatures at which the spot and the irradiation of two different beams. As or Sb. In
ring patterns have appeared, respectively. The spot order to understand the shift of T by the beam
pattern indicates the formation of three-dimen- irradiation, we measured Raman spectra from
sional (3D) surface structure. The ring pattern these beam-irradiated samples. It is revealed by
denotes the buildup of amorphous or polycrystal- the measurement that compositional change has
line films on the irradiated surface. Here, we name been introduced to the irradiated surface. For
the critical temperatures of this change in RHEED instance, fig. 3 shows the Raman signals from
pattern as T. GaSb surface irradiated by As beam. The irradia-

When the samples are heated without beam tion period was 30 min and the substrate tempera-
irradiation, T should correspond to the critical tures for the irradiation were 520 and 420*C for
temperature for dominant decompositional sub- samples (a) and (b), respectively. The spectrum (a)
limation of column V atoms. As shown in fig. 1, contains two major peaks characteristics of TO
we observed considerable shift of T from the and LO phonon modes from GaAsSb alloy crystals
sublimation temperature when the sample was
heated under the beam irradiation. When the col-
unin V atoms in the beam are the same as the BINDING ENERGY (eV)

component of the crystal, the beam irradiation 1.0 1.2 1.4 1.6 1tt 2.0

increases T and stabilizes the surface to prevent
decompositional sublimation. This increase of T
should be due to the shift of equilibrium vapor InSb GaSb InAs AISb InP GaAs GaP AlA,

pressure between the sublimed column V atoms
and the molecular beam. When the column V : , ,/ I
beam is different from the component element in 300 400 500 600 700 800

crystal, on the other hand, the critical temperature SUBLIMATION TEMPERATURE (-C)

does not necessarily increase by the irradiation. T Fig. 2. Relationship between the sublimation temperature (ob-

of the series of antimonides decreases by the served T for without beam irradiation) and the binding en-
irradiation of As beam, while T of phosphides ergy.
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and a weak peak from LO of GaSb, i.e., phonons 90U

from GaSb were replaced by those from GaAsSb
by the irradiation of the As beam. This result Bou
indicates that the irradiation of the As beam at pAu
520 °C has turned the GaSb surface to GaAsSb. ga 4 .. i.
Because the skin depth of the probing light is -0oo -

expected to be about 120 nm for GaAs, this result '

indicates that about 60 nm thick GaSb surface has W

been turned to GaAsSb by the As irradiation. On F nS- 1 IR,
the contrary, the surface of GaSb irradiated by As < W.__
at 420'C did not show any trace of GaAs or 500 -

GaAsSb phonon modes as shown by spectrum (b). DAAMoRous LIKE GSb-

As well as the Raman signal. the RHEED pattern ,0- sRucru
from the sample did not show any appreciable ,
change by the irradiation, which indicates that M
GaSb at 420°C does not react with the As beam 300

to produce a GaAs bond.
On the left and right axes of fig. 4. we show the

material's name (framed) of which the Raman
WI Sb WITHOUT WiT A3signal has been detected on each surface after the IRRADIAnoN IRUIADIATIOH IRRADIATION

beam irradiation. The beam-irradiated surface is Fig. 4. Shift of critical temperatures due to the beam irradia-

always a transition layer which consists of binary tion. On the central axis. T without beam irradiation (sub-

or ternary compounds. In the transition layer, the limation temperature) is shown for various compound semi-
conductors. Under the beam irradiation, different T. shown on
the left and light axes were observed. In frames, we show the
material's name of which the Raman signal has been detected

GaAs-like LO on each surface after the beam irradiation.

GaAs-like TO

column V element of the original crystal has been
-replaced by other atoms from the molecular beam.
Ci .We also note in fig. 4 that Sb atoms of any

- a antimonides are easily replaced by As even if they

have been kept at lower temperatures below the
W GaSb LO sublimation temperature. On the contrary. As

atoms of any arsenides are stable for Sb irradia-
M-tion until they are heated to higher than the sub-EMlimation temperature. Phosphides do not react
Swith beams of As and Sb, unless they are heated

above the sublimation temperature. This behavior
b is probably the direct reflection of the binding

energy, i.e., atoms in crystals react at high temper-
200 250 300 350 atures with molecular beams to stabilize the surface

Raman Shift (cm-) by forming the cap layer with higher binding

Fig. 3 Recorder traces of Raman spectra from GaSb surface energy. As seen in fig. 2. the sequence for the
irradiated by As beam. The irradiation period was 30 min and binding energy is as follows: phosphides >

the substrate temperatures were 520 and 420'C for samples arsenides > antimonides if the column III compo-
(a) and (b). respectively. nent is the same.
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This type of chemical reaction is not desirable bued to the chemical reaction between the rrolec-
to obtain a sharp interface by MBE. If V,~ atoms ular beam and the crystal surface. For the con-
in a lIl-V, crystal are easily replaced by V, atoms trolled growth of heterostructures. it is important
in the molecular beam, the same chemical reaction to minimize this type of chemical reaction.
should form a graded heterointerface in the Ill-
V',/ lII-VB structures [6]. Moreover, the heteroin-
terface under such a conditions should be rough at Acknowledgements
ain atomic scale. This is because the beam-irradia-
ted surface easily becomes a 3D structure even at
lower temperatures below the sublimation temper- The authors wish to thank A. Kawaguchi and
ature. which has been mentioned above in the R. Hagiwara for their experimental assistance. This
RI-EED analysis. The similar interchanging reac- work was supported in part by the Japan Private

tion A' ill be observ ed for surface atoms of arsenides ScolPmtinFudinonTecetfc
and antimonides when they are irradiated by P Research Promotion Foundation and a Grant-in-

Aid for Scientific Research from The Ministry of
beamn [7]. In order to prevent the chemical reac- Edcto.SineadClu.
tion and to obtain a sharp beterointerface. it is Edcto.Sinead ulr.
important to maintain the growth temperature as
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Indium antimonide doped with lead telluride grown by molecular
beam epitaxy

D.L. Partin, J. Heremans and C.M. Trush
Ph'sics Department. General Motors Research Laboratories. Warren, Michigan 48090-9055. USA

A PbTe dopant source has been used to grow n-type tnSb using the molecular beam epitaxy growth technique. From Auger
electron spectroscopy studies, no surface segregation of tellurium or lead is observed up to - 10" cm 3 doping levels. The correlation
between the PbTe flux used during growth and the electron density in the grown films is very good. suggesting that the incorporation
of tellurium is near unity. Six-probe Hall measurements of carrier transport gave room temperature mobilities as high as 51,300 cm2

V ' s 1 at an electron density of 2.9X 10'6 cm 3 (54,300 at an electron density of 1.9x 10" cm at 110 K) for a film of 4.0 pm
thickness en an InP substrate.

1. Introduction negligible incorporation efficiency in GaAs at
typical MBE growth temperatures > 480°C [2.3].

Indium antimonide is a narrow energy band The use of PbTe source material alloyed with
gap semiconductor with a very small electron ef- about 10% elemental Pb appears to alleviate the
fective mass and thus may be useful for long problem of Te surface accumulation, since it re-
wavelength optoelectronic devices and for trans- duces the residual amount of Te, which sublimes
port devices such as magnetoresistors. Epitaxial from PbTe [3.4]. This results in an atomic Pb flux
lnSb films grown by molecular beam epitaxy which is only a factor of 2 less than the PbTe flux.
(MBE) may potentially be doped n-type with Si or However, this is not a problem, with apparently
Sn, or with the group VI elements S, Se. or Te. Of complete thermal desorption of Pb from a GaAs
the group VI elements. Te may be advantageous surface [3].
because of its relatively lower vapor pressure. in- These encouraging results led naturally to the
creasing its incorporation efficiency at relatively evaluation of PbTe as an n-type dopant for the
high film growth temperatures. Use of a captive antimonides GaSb and AISb [2.5]. In GaSb, it
Te source, such as PbTe. is suggested by studies of appears that Te (from a PbTe source) does not
Te and PbTe as Te dopant sources for MBE-grown surface accumulate. This behavior differs from
GaAs. GaSh, and AISb. Near stoichiometric PbTe that of Te in GaAs. apparently because of atomic
sublimes predominantly as a molecule, liberating a size effects [2]. In GaSb. Te desorption has been
Te dopant atom on the growing surface and a Pb measured above 500-540'C [2,5J. By contrast, Te
atom. which may re-evaporate. In GaAs. use of an incorporation in AlSb decreases at low tempera-
elemental Te source results in surface accumula- tures, possibly because of solid solubility limita-
tion of Te. possibly in the form of GaTe or tions. The free electron concentration in PbTe-
(iaTe3, which tends to complicate growth [1]. Use doped GaSb is generally lower than would be
of a PbTe dopant source still resulted in Te surface obtained if all incident Te at the growth surface
accumulation and desorption at growth tempera- resulted in a free electron. Pb was not clearly
tures above 570'C [2]. Lead appears to have detected in GaSb doped from an apparently

ME22-0248/91,$03.50 , 1991 - Elsevier Science Publishers B.V. (North-Holland)
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stoichiometric PbTe source oven [2], but was was done in the more conventional arsenic flux.
clearly observed in GaSb which was heavily doped Our procedure gave a streaked RHEED pattern,
with a Pb-rich PbTe source oven [5]. and an Auger electron spectroscopy (AES) study

of the resultant surface (using an AES instrument
attached to the MBE system) showed that some

2. Experiment surface oxide was still present. The same sample
was then briefly heated to 460'C in an Sb4 flux.

The encouraging results obtained in PbTe- The resultant AES spectrum showed little or no
doped GaSb and AISb led us to evaluate PbTe as oxygen. However, the RHEED streaks were less
a dopant source for MBE-grown InSb. These stud- clear, and InSb films grown on this surface had
ies were done in a Physical Electronics Model 400 somewhat lower electron mobilities than films
MBE system which was previously used to grow which were grown on InP surfaces which were
Pbl-EuSeTe, for long wavelength diode preheated at 400'C.
lasers [6]. The main source ovens previously used The In, Sb, and PbTe fluxes were measured
contained PbTe, PbSe, Eu. and Te. A new stain- before and after growth using a water-cooled
less steel cryoshroud surrounding the source ovens quartz crystal deposition monitor which could be
was installed, and new source ovens for In and Sb moved into the sample growth position, thus giv-
were used. The Sb source oven was not equipped ing an absolute flux measurement in the absence
with a cracker, and hence its flux was mainly of re-evaporation phenomena. The (atomic) Sb/In
composed of Sb 4. The PbTe was compounded flux ratio was adjusted to 1.15 before growth.
from 6-9's pure Pb and Te in a quartz ampoule at Growth was abruptly initiated at 360'C and a
975°C. The compounded ingot was then heated in growth rate of 0.9 [Lm/h. These conditions were
a thermal gradient to drive off relatively volatile held constant during growth.
impurity species. This left the material slightly
Pb-rich, but still single phase PbTe. From thermo-
electric voltage measurements, it was estimated 3. Transport studies
that the PbTe contained a Te vacancy concentra-
tion of < 1018 cm- 3. However, during sublimation Our initial attempts to grow undoped lnSb
in the MBE source oven, the surface composition films resulted in heavily n-type material (n = I X
of the PbTe shifts to give congruently evaporating 101 cm- 3), as determined by Van der Pauw mea-
material [7]. Our starting material was probably surements. After growing many films (encompass-
sufficiently near to the stoichiometric composition ing 4 reloads of the In and Sb ovens), the back-
that a congruently subliming vapor was achieved, ground free electron density at 300 K dropped to
Others who use - 10% Pb-rich material have a (4-5) x 1016 cm - 3. We then analyzed these films
two phase mixture. With relatively little material with a secondary ion mass spectrometer (SIMS)
subimed for dopant studies, they would presuma- [10], and found that the main impurity was
bly obtain a Pb-rich and Te,-deficient flux, just as selenium. This implies that a residual background
they desired. existed inside the MBE machine due to the previ-

Semi-insulating, iron-doped, (100) oriented lnP ously evaporated PbSe, and that it was gradually
substrates [81 were used for inSb film growth. becoming coated with In and Sb. Apparently, the
Earlier studies indicated that it was somewhat higher vapor pressure of Se compared to Te is the
more straightforward to obtain high electron mo- reason for the appearance of Se as the residual
bilities in MBE-grown InSb films grown on these background donor. However, additional growths
substrates than on GaAs substrates [91. After etch- failed to further reduce the electron density. SIMS
ing the lnP substrates in a dilute bromine- analysis of the Sb source material (SbA) revealed
methanol solution, the substrates were heated to (in units of counts per second) 8)Se (37) and 12 Te
400°C in an Sb4 flux. We note that in the previ- (2). This led us to evaluate another Sb source
ous study of lnSb/InP, thermal oxide desorption (SbB). SIMS analysis of SbB showed that it had
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Fig. 1. Electron densities (n) of PbTe-doped InSb versus Fig. 2. Electron mobilities (p) of PbTe-doped InSb versus
temperature. temperature. Samples are identified by the same symbols as in

fig. 1.

S (5) and no S'Se. Other impurities, especially
donors (Si. Sn. Te. and Pb) were sought but not spectrometer). (2) The PbTe flux incident upon
found. These data cannot be readily quantified, the quartz crystal deposition monitor has unity
since the relative sensitivity factors in an Sb ma- deposition coefficient. This has been verified by
trix are not known. Our most recent growths using PbTe film thickness measurements during previ-
SbB give a room temperature carrier density of ous PbTe film growths. (3) All PbTe molecules
1.9 X 10" cm ' and a mobility of 63,000 cm 2 V- incident upon the InSb surface dissociate into Te
s for a film 5.0 yim thick. Since the intrinsic atoms which are incorporated into the lnSb lattice
carrier density in InSb at room temperature is
- 2 x 10 6 cm I. the films are intrinsic at this
temperature. At 77 K. n = 1.24 X 1015 cm 3 and 1019-
the mobility is 99.000 cm2 V 1 s 1. All other ,e
growths of PbTe-doped lnSb reported in this paper -

2were done using SbA with a background electron

density of (4-5) x 1016 cm 3. 1-

-C 1018Six-probe DC Hall effect measurements were
2 NT, + 5XI01 6 cm-

3

made on PbTe-doped samples at temperatures ,1
from 25 to 370 K in magnetic fields from 0.25 to 2 2

T. The samples with donor concentrations above
I x 101 cm 3 showed little intrinsic magnetoresis- o 1017 -
tance. and had a constant Hall coefficient. Carrier -. .

U
densities and mobilities are shown in figs. I and 2. .
respectively, as measured in fields up to 0.25 T.

For all samples, even the highest doped one, the W
mobility decreases as the temperature is increased. U. 1016

The free electron concentration versus tel- 1016 1017 1018 1019

lurium concentration is shown in fig. 3. The tel- TELLURIUM CONCENTRATION (NT. cm-3 )

lurium concentration was calculated under the
following conditions. (1) Our PbTe source material Fig. 3. Free electron concentration versus tellurium concentra-

tion in InSb films at 3() K. The -background- electron
sublimes mainly as a molecule (which has been concentration at 300 K in these experiments was 5x 10"'

verified by observations with a quadrupole mass cm
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(presumably as single donors on Sb lattice sites), centrations is only significant near the intrinsic
and into Pb atoms which re-evaporate. These as- concentration. An experimental curve for bulk
sumptions are also consistent with our data, since InSb are also shown for comparison. Some of our
the free electron density is equal to the calculated earlier, unintentionally Se-doped films are also
tellurium concentration plus the background den- shown. All of the PbTe-doped films are only I pm
sity (see fig. 3). This differs from the case of thick. The electron mobilities of the PbTe-doped
PbTe-doped GaSb, where only about half of the and Se-doped films are comparable, and approach
incident flux incorporates into the film [2]. Even the mobilities of bulk InSb crystals. Since the
more interesting is the fact that free electron con- group VI dopants Se and Te generally reside only
centrations up to 109 cm - - were obtained with on the group V sublattice in these compounds, it
unity dopant utilization in our InSb films. Coin- is not unexpected that near bulk-like mobilities
parable PbTe fluxes gave a saturated free electron may be attained with them.
concentration of - 2.5 X l01 cm3 in GaSb, and
lower PbTe fluxes were not proportional to the
free electron concentrations. 4. Auger studies

The fact that tellurium donors are fully ionized
at concentrations of 1019 cm - 3 implies that the As discussed in the introduction. Te surface
tellurium donor level is located high in the con- accumulation has been observed in MBE-grown,
duction band and not just below the conduction PbTe-doped GaAs (and possibly in AlSb [51) but
band edge as in GaAs and GaP [11]. This is not in GaSb. In our case, lnSb films were studied
consistent with the fact that Te has zero ionization with Auger electron spectroscopy (AES) im-
energy in lnSb [12]. mediately after growth without breaking UHV

The 300 K electron mobilities of these PbTe- vacuum. The main Te AES peaks have energies
doped films are shown in fig. 4. The horizontal near those of Sb. but we estimate our sensitivity to
axis is given as "net donor concentration". This is Te on an lnSb surface to be - 0.02 monolayer.
done so that mobility values for bulk crystals The AES spectrum of a film doped at N, = I X
doped below the intrinsic carrier concentration of 1019 cm 2 was identical to the spectrum of an
2 x 1026 cm-' can be shown. The concentrations undoped film. Hence, within the sensitivity limita-
shown for films doped with Te and Se are actually tion of AES, no Te surface accumulation is ob-
free electron concentrations measured with the served. No lead was observed on the surface either.
Van der Pauw technique at 300 K. The difference with an estimated sensitivity of - 0.05 monolayer.
between the net donor and free electron con-
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Tellurium doping study of GaSb grown by molecular beam epitaxy
using SnTe

J.F. Chen and A.Y. Cho
A T & T Bell Laboratories. Murray Hill, New Jersey 07974. USA

The application of SnTe as a tellurium source of donor impurities in the growth of n-type GaSb by molecular beam epitaxy
(MBE) is investigated. We obtained Hall carrier concentrations ranging from 1.23 x 10 6 to 3.7 x 101' cm - '. At a growth temperature
of 500°C. the estimated donor concentrations are proportional to the arrival rate of the molecular dopants up to 3 x 10 1s cm '_
Room-temperature Hall mobilities as high as 5114 cm2/V-s were measured for a GaSb layer with nH = 3.8X 10"' cm '. These
results, coupled with the insensitivity of the electron concentration to the Sb 4 /Ga flux ratio, at a growth temperature of 500' C. may
lead to SnTe being one of the donor dopants of choice in the MBE growth of n-type GaSb.

1. Introduction source, measurements using the quadrupole mass
analyzer indicate that it evaporates predominantly

Semiconductor III-V compounds containing as the molecular species (i.e. SnTe) [10]. This helps
antimony are promising materials for optical de- prevent a surface reaction between the elemental
vices in the spectral region 1.3-1.7 pm grown by Te and Ga at the surface forming gallium telluride
molecular beam epitaxy (MBE) Ill. In these de- (Ga5Te or Ga2Te,) [4,12], which may complicate
vices, a controllable n-type doping of MBE-grown the growth. This paper describes the incorporation
GaSb is required. Unintentially doped GaSb is of Te in GaSb using a SnTe source. In addition.
p-type and the common n-dopants used for III-V the effects of the MBE growth conditions such as
MBE (silicon and tin) are amphotenc and lead to the antimony-to-gallium flux ratio on Te incorpo-
heavily compensated p-type epilayers in GaSb [2]. ration in GaSb are investigated.
A group VI element such as Te is required for
n-doping in GaSb. Yano et al. [3] have used the
elemental Te and achieved satisfactory n-typed 2. Experiment
doping up to 1.7 x 10s cm - -. However, the ele-
mental Te has high vapor pressure to cause con- The GaSb layer was grown on a Cr-doped
siderable concern about possible memory effects semi-insulating GaAs (100) substrate in Riber-
and complicated reactions with Ga [4]. A number 2300 MBE system, which has been reported previ-
of workers have investigated the use of compound ously [11]. The sources used were Ga, Sb4, and
sources Ga 2Te3 [5), PbSe [6], PbTe [7], Sb2Te3 [8] SnTe. The GaSb epitaxial layers were grown at
and an electrochemical cell of Ag2S [9] to alleviate 500 °C and a growth rate of 0.5 ptm/h with a
the above negative effects. However, problems beam equivalent pressure (BEP) ratio of Sb4 to Ga
such as limited carrier concentrations, significant of about 2, an optimal growth condition found for
lead incorporation and doping incorporation inef- the GaSb layer in our system. This flux ratio,
ficiency for growth temperature above 500 0 C still corresponding to the lowest ratio to maintain a
remain. It is the purpose of this work to investi- Sb-stabilized 3 x I surface reconstruction, has
gate the incorporation of Te in GaSb by using the been found to give rise to the highest crystal
alternative compound source SnTe. For the SnTe quality at each deposition temperature [13]. A

0022-0248/91/$03.50 10 1991 - Elsevier Science Publishers B.V. (North-Holland)
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soon as the growth of GaSb was initiated, the fore, the total donor concentration was estimated
reflection high energy electron diffraction by adding the measured Hall concentration at 77
(RHEED) pattern turned spotty, indicating three- K to the estimated acceptor background con-
dimensional nucleation due to the large lattice centration (1016 cm-3 ). An Arrhenius plot of the
mismatch (7%) between GaAs and GaSb. How- estimated donor concentration as a function of
ever, the RHEED patterns recovered within about SnTe source temperature is shown in fig. 1. Also
10 nm thick growth of GaSb to show a streaky included in fig. I is the dash line representing the
3 x I reconstruction. The unintentionally doped vapor pressure of SnTe from a previously reported

GaSb layers were p-type with a typical carrier value (1.99 ± 0.11 eV) of the enthalpy of sublima-
concentration of (0.9-2) x loll cm - 3 and a room tion [10]. The values of the donor concentrations
temperature mobility of (0.6-1.1) x 103 cm2/V . S. estimated in a way described above lie reasonably
All grown layers had smooth mirror-like surfaces close to this line for n < 3 x 10l cm- 3. Therefore,
with morphologies almost as good as GaAs at a growth temperature of 500'C used in the
homo-epitaxial layers seen under the phase con- present work, the observed donor level is simply
trast microscope. For the growth of Te-doped proportional to the arrival rate of the molecular
GaSb layers. the operation temperature range of dopant species up to about n < 3 x 10" cm - 3 .

SnTe source was between 200 and 350 ° C. Ohmic Beyond this doping level, the dopant incorpora-
contacts were made by alloying Sn dots to low- tion efficiency saturates, as shown in fig. 1. This
doped n-type GaSb layers. Ohmic contacts to dopant saturation level is much higher than 4 x
undoped p-type and highly doped n-type layers 1016 cm ', the highest level achievable for n-type
were obtained by alloying In dots. GaSb by using HS [15] under practical MBE-

growth conditions. A similar doping saturation
level (3 x 1018 cm 3 ) in n-type GaSb was ob-

3. Results and discussion served previously by using PbTe [71. Ga ,Te3 [5]
and Sb2Te [8].

The electrical properties for 2 jsm thick GaSb The measured Hall mobilities both at room
layers doped with Te were obtained from Hall temperature and 77 K for n-type GaSb layers are
measurements at room temperature and 77 K. A
wide range of Hall concentrations from 1.0 x 1016 1 99 eV
to 3.7 x 10" cm -  is obtained by varying the E
SnTe source temperature. indicating the effective- f .

ness of the controlled n-type doping by SnTe z

source. It should be noted here that the measured 'a
Hall concentration, particularly at room tempera- toz

lure. is not considered to be the total free carrier
concentration. To analyze our Hall measurement \

results, a two-conduction band model is required. -
According to Sagar [14], the L-valleys of GaSb, 0
which have a high density of states and a low
mobility, lie very close in energy to the central

I'-minimum. The measured Hall concentration is W1016

weighted average of the /F-valley and L-valley 1 5 I 6 1 7 1 8 1 9 20 2 1

mobility. Therefore, the Hall measurement will Jo~o/T (K- )

underestimate the total carrier concentration, par- Fig. I. Arrhenius plot of the donor concentration as a function

ticularly so at high temperature due to more car- of SnTe source temperature. The donor concentration is esti-
band [6]. The total mated by adding the Hall concentration at 77 K to the esti-

mated acceptor background concentration (101 cm -3). The

electron concentration is closer to the measured dashed line represents the vapor pressure of SnTe with the

Hall concentration at lower temperatures. There- literature value (1.99±0.11 eV) of the enthalpy of sublimation.
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shown in fig. 2 against room-temperature Hall 10o

concentrations. Mobilities shown in fig. 2 have not . -

been corrected from the two-band model. The z n H - - --. -thickness of the GaSb layer is 2 ptm. Room-tem- >

perature mobility as high as 5114 cm 2/V • s was - E

measured for a GaSb layer with nH = 3.8 X 10t6 Az H

cm -.The mobilities were reduced to 4200 and 
>

2770 cm 2/V -s for nH = 6.5 X 1016 and nH =4x U o

1017cm - 3 , respectively. Also included in fig. 2 are 0

some previously reported results of MBE-grown
GaSb films using other dopant sources. Our mea- _ 100

sured mobilities are compared favorably to those 1 2 4 6 8 10 15

from previous reports, indicating good quality of sb4 Go

the grown layers. Similar to the previous reports Fig. 3. Room-temperature Hall concentration and mobility for

for n-type GaSb, the mobilities at 77 K are only n-type GaSb layers versus the Sb4 /Ga beam equivalent pres-
sure used for the GaSb growth at a substrate temperature of

slightly higher than those at room temperature. 500*C.

suggesting that ionized impurity scattering domi-
nates throughout the temperature range measured. 2 to 9). the measured Hall concentration is insen-
A considerably low mobility was observed for a sitive to the Sb 4/Ga flux ratio, indicating a con-
GaSb layer when doped with Te higher than the trollability for Te doping using SnTe. Except for
saturation level. one sample. the variation of nH from the average

The effects of the Sb4 : Ga flux ratio on the value is only about 1.5%. a value within the meas-
incorporation of Te in GaSb are investigated. Fig. urement uncertainty. The largest deviation of nH
3 shows the measured Hall concentrations for (about 16%) for the sample grown with Sb 4/Ga =
several GaSb layers grown with different Sb 4/Ga 5.8 is probably due to a variation of the substrate
flux ratio. The growth temperature was kept con- growth temperature. A decrease in Te incorpora-
stant at 500 C. The SnTe source temperature was tion in GaSb using Sb2Te, source has been ob-
fixed at 260 °C to given an electron concentration served (up to a factor 4) at a growth temperature
around mid-10'6 cm 3 as determined in fig. 1. It of 560'C [8]. This insensitivity of Te incorpora-
can be seen that for the range of Sb 4/Ga flux tion in GaSb to Sb 4/'Ga flux ratio is in contrast to
ratio studied (beam equivalent pressure ratio from the result reported by Poole et al. [9] for sulphur

doping in GaSb. They reported that the incorpo-
ration of Sulphur increases by a factor of 3 on

104 -_..... changing the Sb4/Ga flux ratio from 1 : 1 to 4: 1.

7 As shown in fig. 3. the highest mobility was ob-
tained for the GaSb layer grown with the lowest

3O0K Sb 4/Ga flux ratio (BEP = 2) at a growth tempera-E ~ ~300 K #

ture of 500 ° C. This flux ratio, corresponding to
103t the lowest ratio to maintain a Sb-stabilized surface

&PbTe Ref reconstruction, is found to give rise to the highest
O re Ref 3 crystal quality.

* This wor1

102[ :

1016 I0' l0 Is 10 19 4. Summary
ELECTRON CONCENTRATION (cm - 3

)

Fig. 2. Hall mobilities against carrier concentrations for n-type The Te incorporation in MBE-grown GaSb
GaSb layers both at 300 and 77 K. The thickness of the GaSh layers using SnTe source is investigated. A wide

layer is 2 jtm. doping range from 1.23 x 1016 to 3.7 X 10'8 cm -3
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Transport properties of heterostructures based on GaSb, InAs
and InSb on GaAs substrates

P.N. Uppal, D.M. Gill, S.P. Svensson and D.C. Cooke
Martin Marietta Laboratories. 1450 S. Rolling Road, Baltimore. Mar land 21227-3898, USA

We have grown heterostructures based on low band-gap channels of Ga_ In,_Sb (x = 0.5) and InAsSb1 _ (x = 0.4-1) alloys.
and characterized them using Hall measurements. For barrier layers, we used Al,ln I _Sb (x = 1-0.5), with a composition chosen to
be closely lattice matched to the channel layers, GaIn1 _ ,Sb and lnAsSbl- . We also grew a AI.,Ga1 _,As/GaAsSb_, /GaAs
pseudomorphic heterostructure, which is an analog of the lnxGaj _ As pseudomorphic MODFET. In the case of Al1in1 - Sb/
Galn, -,Sb and Alvln l - ,Sb/ I nAsSbl_ , heterostructures, the barrier layers were undoped but we observed two-dimensional
electron densities of about 7 X 1011 to 2 X 101

2 
cm-

2 at 300 K. For the AlSb/InAs and Al0.71n 0.3Sb/Gao.7no.3Sb heterostructures,
the 300 K mobilities were 24,000 and 3000 cm2/V-s, respectively. Mobilities for the Allnj _,Sb/lnAs Sb -, heterostructures were
around 12.000 cm2/V.s. Hall measurements on the AIGa -,As/GaAsSbi -,/GaAs heterostructures indicated 2D electron
densities of 3x10 12 cm-2 and mobilities of 3,000 cm2/V.s. These results indicate the potential of the AlIn1_,Sb/InAs.Sb 1_
(x = 0.4) heterostructures to be used as high-speed MODFETs and of the Al Ga1 - As/GaAs,Sb , /GaAs heterostructures to be
used as power MODFETs.

I. Introduction but from the point of view of device processing.
having such a MODFET on a GaAs substrate

In,Ga -,As pseudomorphic MODFETs on would be the most desirable. GaAs is preferred
GaAs yield higher performance than conventional because its processing technology is much further
GaAI/AIGa -,As MODFETs due to a higher advanced than that for InP. and GaAs substrates
2D electron density and a higher electron velocity are much higher in quality and have higher mech-
[1]. InGa -,As lattice-matched to InP produces anical strength than InP substrates.
the best performance to date of any MODFET [21, Because it is clearly better to use a larger (pure

Table 1
Transport data for Ill-V compounds

Material Lattice Energy gap Electron F-L Specific Coefficient of
constant at 300 K mobility Spacing electron thermal

(,) (eV) at 300 K (eV) mass expansion
(cm2/V s) (K -')

GaAs 5.65 1.42 (direct) 8000 0.3 0.068 5.93 x 10- 6
SI substrate

lnP 5.87 1.35 (direct) 5000 0.6 0.067 4.5 X×10-
SI substrate

AISb 6.11 1.7 (indirect), 200 0.33 5 X 10 -
2.22 (direct)

GaSb 6.09 0.7 (direct) 5000 0.15 0.045 5.93x 10-
6

InAs 6.60 0.36 (direct) 33000 0.9 0.023 5.19 x 10- 6

InSb 6.48 0.17 (direct) 78000 1.5 0.013 4.90 x 10 -6

0022-0248/91/$03.50 © 1991 - Elsevier Science Publishers B.V. (North-Holland)
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lnAs would be preferred) InAs mole fraction for doped GaAs cap

the InGa _As channel. it would be a major
technological step to be able to grow MODFETs a.doped A 0 3G%.7 As barrier
on GaAs with a high InAs content. Recently. GaAs0.9Sbo, channel

Tuttle et al. 13] and Luo et al. [41 proposed
AlSb/lnAs MODFETs and reported very good GaAs butler

transport properties for this type of heterojunc-
tion. InAs and InSb offer substantially higher GaAs substrate

low-field mobility, no intervalley scattering, and
much higher velocity overshoot [41. In table 1, b.wev
which shows some of the material parameters, the 0.14ev

intervalley (F-L) InAs and InSb are seen to P
possess very favorable transport properties for
MODFETs. Using channel materials with very 1.eev 1.24eV 1.42eV

narrow bandgaps may lead to pinch-off problems A Ga.As GaAs

in the FET. That is, electrons may be excited G0.2Aoa.720

across the band gap, either thermally or through "s "
impact ionization during transport from source to
drain. Although we believe that such effects will 0.17 0.04

be a comparatively small problem for low-noise
applications or digital circuits, where smaller c'034eV

accelerating voltages are used. they must be 0.1eV

studied, resulting in trade-offs between narrow
gap (mobility) and pinch-off properties. One i.Sev 1.42ev
promising way of increasing the effective bandgap Al Ga As GaAs
of these small-gap materials is through the use of 0.28 0.72 .8AS

the quantum confinement effect, which increases In%1.,,G%.,,As

the energy of the lowest bound state. This effect . 1

occurs because the energy of the bound states in a 0.19 0.06

quantum well is inversely proportional to the Fig. 1. (a) Schematic diagram of the GaAsSb HFET and

quantum well width and the carrier effective mass. energy band diagrams of (b) the GaAsSb and M the InGaAs

The effective mass dependence makes the effect pseudomorph HFETs.

stronger in InAs and lnSb than in, e.g. GaAs.
In this paper, we report on the growth of new

MODFET structures based on GaSb, InAs. and
InSb. larger than that for InGa, ,As 15]. so that a

deeper quantum well forms for a smaller change
.. AI,Ga, ,/GaAs,Sh, ./GaAs structure in alloy composition. and (2) the conduction band

discontinuity (AE,) of 0.14 eV between GaAs and
This structure is the analog of InGa, ,As GaAso Sb0 1 [6] is larger than that between GaAs

pseudomorphic MODFET in which the In, and In 0  1 Ga1 .. As, resulting in better charge con-
Ga1 . ,As pseudomorphic channel has been re- finement. higher charge transfer, and potential
placed by a GaAs,Sb, , pseudomorphic channel, applications for power FETs. Fig. I shows the
GaAs,Sb, ., does not offer any benefits over energy band diagrams for the two pseudomorphic
ln,Ga, -,As in terms of higher mobility and structures. Since the AIGa, -- , As/GaAsSb I,/
saturation velocity, but it does have several other GaAs device does not offer better high-frequency
advantages: (1) the energy gap change with alloy or switching operation than the lnGa,-,As
composition (for small Sb concentration) is much MODFET, its only use would be for power appli-
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cations (because of its higher 2D charge density). We also preferred the Alln, - Sb/InAsSb, -,
Hall measurement results for this heterojunction system (to the already studied AlSb/lnAs system)
are presented later. because we could controllably dope Al,ln, ,Sb

(for x > 0.5) with Si. which is not possible with
1.2. Al,ln t -Sb/Gain, -. Sb and A1, -n. ,Sb/ AlSb. We were able to n-type dope Al.,ln,Sb
InAsSbi, structures for x = 0.5 or above with Si. below which the

layers were p-type and compensated. Since there is
Al, ln - ,Sb alloys show the highest rate of no high-bandgap material that is perfectly lattice

change of the direct energy gap with increasing matched to lnSb, we can use an alloy of
lattice constant of all III-V alloys. Further, the Al ,In, -,Sb lattice-matched to a suitable composi-
binaries GaSb and AISb maintain a layer-by-layer tion of InAsSb, -,. The same argument can be
two-dimensional growth on GaAs right from the made for the use of Galn, - Sb; its bandgap will
start of growth, despite a large lattice mismatch. be much higher than that of InAsSb, -,, leading
We observed the same growth pattern for the to lower leakage currents. As another benefit.
ternaries AlIn,_,Sb and Galnl ,Sb. Because Ga, In, - Sb will have the highest hole mobility of
very high mobilities have been reported for InAs the III--V compounds. although we did not ex-
and InSb. we expected an alloy InAs,Sbl-, of plore any p-type MODFETs. Fig. 2 shows the
these two two also possess these favorable proper- expected energy-band diagrams for the Al,ln,
ties. Sb/Ga,ln, ,Sb and Al,ln ,Sb/lnAsSb,

structures.

doped GainSb cap
a doped AIlnSb barrier

2. Experimental
GainSb/InAsSb
channel

All the layers were grown in a Perkin-Elmer
AIlnSbbuffer PHI 425B molecular beam epit:1xv (MBE) mac-

hine equipped with an arsenic cracker. Sb4 was

GaAs substrate used for the antimonide layers and As, was used

0.49eV for layers containing arsenides. GaAsSb1  layers
b FT were grown at 5000 C. The substrate temperature

was 450'C for the growth of Ga,in1 ,Sb and
1ev 1 Al,In Sb. 480'C for InAs growth. and 400°C
A]051%sSb 0.4e A1 0 I In4Sb  for both InSb and lnAs,Sbj , growth. Most of

t 4  the layers reported here were grown on GaAs(100).
'] L, v although some of the AlSb/inAs heterojunction

0.21e; structures were grown on GaAs(21 I)B. Allo' com-
position was determined by X-ray diffraction. Un-

C iintentionally doped layers of AlSb had very high
resistivity with a p-type background of 5 x 1014
cm '. GaSb layers were p-tNpe with a background

A15b Sdoping of I X 10I| cm . Unintentionally doped
layers of InAs. lnSh and InAsSb, , had an

A10 5 1 Sb n-type background doping of 2 X 10 ' cm . Ex-
inA% 4Sbo 6  1 cept for the AI,Ga I ,As/GaAs,Sb, ,/GaAs

Fig. 2. (a) Schematic diagram of the (ialnSh and InAsSh structures all the other layers were grown with 0.5
HFETs and expected energy hand diagrams of Ib) AIlnSh/ pm AISb buffer layers followed by a 0.5 pim

(ialnSh and (c) AIInSh/inAsSh structures, Al, In1 ,Sb buffer layer.
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3. Results and discussion 3.2. A IIn, -Sb/ GagIn - Sb and AIIn - Sb/
InAsSb, _ structures

3.1. Al Ga, - As/ GaAsSb, -/GaAs structure
We were able to reproduce the results of Tuttle

Hall measurements were made on the pseudo- et al. (31 on the A1Sb/InAs heterojunctions for the
morphic MODFET structure Al,Gat_.As/ case of undoped InAs, as shown in table 2. The
GaAs,Sb -,/GaAs, where the Al mole fraction undoped InAs with the so-called InSb-like [31
was 0.26 and the Sb mole fraction was 0.15. The interface had the highest mobility at 77 K. al-
AI,Gat_-As layer was doped to 2 × 1018 cm - 3  though the 2D electron density is 7 X 10l1 cm - 2.

and the GaAsy.Sb1 ,, thickness was chosen to be which may not be very useful for actual devices.
150 A; the spacer thickness was 25 A. The Hall To increase the carrier density, we also doped the
measurement results indicate that the room-tem- InAs channel with Si. The 2-D electron density
perature mobility was 3000 cm2/V • s. which is doubled thereby, but the mobility at 300 K
about a factor of two lower than that for a corn- dropped to 14,000 cm

2
/V • s. The carrier density

parable pseudomorphic InGa,- As MODFET for an InAs0 7 Sb03 channel was about four times
and the carrier density was 3< 1012 cm -. The 2D higher than that for undoped InAs, but the mobil-
electron density was about a factor of two higher. ity was lower, probably due to alloy scattering.
These results clearly show that the A E, of the Table 2 shows the results for an InAs/AlSb
A10 26Ga 0 74 As/GaAs0 8 sSbt1  heterojunction is structure grown on GaAs(211)B. In the case of the
higher than that of the Ai 0.26Ga 0.74As/ (211) surface, there are two Sb bonds for one Al
In, 1 5Ga, 8gAs heterojunction. The results also in- bond, so that the interface character will be 2/3
dicate that these devices can be used for power InSb-like and 1/3 AlAs like. Hall results confirm
applications, which require higher carrier densi- this description by indicating mobilities and car-
ties. rier density numbers in between those for an

Table 2
Hall measurement results on AlSb/lnAs/GaAs(100) and AISb/lnAs/GaAs(211)B

Temperature Carrier density Mobility
(K) (cm 2

) (cm2/Vs)

Results on AlSb/lnAs/GaAs(100) channel InSb-like a'

InAs undoped 300 7 x 10" 23000
77 4 x 10" 76000

InAs doped 300 1.4x 10'2 14000
77 9.5 X 10" 24000

lnAs,,1 Sb 5 1 undoped 300 2.1 X x01 2  9400
77 1.5 x 10' 2  12100

Results on AtSb/lnAs/GaAs(100): channel AlAs-like

InAs undoped 300 9.9 x 1012 510
77 3.9 X 10'2 825

Results on AISb/InAs/GaAs(21 I B: channel lnSb-like .2

InAs undoped 300 5.4 x 1012 3400
77 2 5 x 1012 5750

AISb/lnAs/GaAs(100) can have two types of interfaces at the AISb/InAs interface (see ref. 131). one in which the interface has
InSb bonds and the other having AlAs bonds. In the case of AISb/1nAs/GaAs(211)B. there is a mixed interface because there are
two Sb bonds for each Al bond. Thus, the interface character will he 2/3 lnSb-like and 1/3 AlAs-like.
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Table 3 Gal - ,As/GaAs,.Sb - ./GaAs heterostructures is
Al0I0 ln,3Sb/InAs,,Sbk, 3 Hall measurement results a viable alternative to the widely studied

Channel Temperature Carrier density Mobility InGa1 _ , As-based heterostructures. The GaAs,
(K) (cm 2) (cm 2

/V.s) Sbl ,,-based heterostructures offer almost twice
InAsoSbo,, 300 3.2x 10'2 8100 the carrier densities obtained in the InGa, -As-

77 2.8X 102 12000 based heterostructures, making it very-suitable for

Ga,,In,Sb 300 2.8x 10" 3100 power FET applications.
77 3.0X10" 4000 (2) The InSb-like channels in the AlSb/InAs

and the Al In, _Sb/InAs Sbj - heterostruc-
tures offer very high room-temperature as well as

InSb-like and an AlAs-likc interface on (100). In 77 K electron mobilities and thus have potential
the case of the AlIn,Sb/GaIn1 ,Sb struc- as very-high-speed MODFETs. The Alvin -,Sb/
ture, we observed lower-than-expected mobilities InAs,Sb,_, heterostructures can be modulation
(table 3). whereas for the Alln, -Sb/InAsSb,-, doped with Si (for x>0.5), the regular n-type
structure, both the charge density and the mobility dopant in MBE. which offers a controllable
were higher. The origin of electrons in these struc- method of doping. The AlAs-like channel offers
tures is unclear because Si in Al,In1 ,Sb and very high carrier densities but very low mobilities.
Galn, , Sb acts an acceptor for x-values less As expected, the Alxln,-,Sb/Ga~ln ,Sb het-
than 0.5. We believe that arsenic produces inter- erostructures did not display very high mobilities.
face states or antisite defects in AlSb and The origin of electrons in all these heterostruc-
Al,ln, ,Sb which pin the Fermi level at mid-gap tures is not clear but it has been speculated (3)
in Al,ln - ,Sb. where it is higher than the bottom that they are due to the presence of deep or
of the conduction band of the lower gap material, mid-gap traps in AISb. The same seems to be true
It seems that the residual arsenic in the MBE for the case of Alln, ,Sb.
chamber is enough to cause these defects, as evi- (3) Doping the InAs channel offers a viable
denced by the presence of electrons in the method of increasing the carrier density in the
AI,ln, ,Sb/Galn, - Sb structure. AlSb/InAs heterojunctions.

It should be noted ,hat none of these structures
was optimized in any sense and careful lattice
matching was not done. Nevertheless. these struc- References
tures show high enough room-temperature mobili-
ties and carrier densities to make them promising III L.F. Lester. P.M. Smith. P. Ho. P.C. Chao. R.C. Tiberio.

for future work. However. a considerable effort on KH.G. Duh and E.). Wolf. in: IEEE/IEDM Tech. Digest

ohmic contacts and Schottky barriers will be re- IEDM-88 (1988) p. 172.

quired before actual MODFETs can be fabricated 121 U.K. Mishra. A-S. Brown. S.E. Rosenbaum. C.E. Hooper,
M.W. Pierce, M.J. Delancy, S. Vaughn and K. White. IEEE

from these structures. Electron Device Letters EDL-9 (1988) 647.

[31 G. Tuttle. H. Kroener and J.H. English. J. App. Ph-s. 67
(1990) 3032.

4. Conclusions (41 L.F.Luo. R. Beresford. W.I. Wang and H. Munekata. Appl.
Phys. Letters 55 (1989) 789.
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Growth and properties of GaAsSb/InGaAs superlattices on InP

J.F. Klem, S.R. Kurtz
Sandia National Laboratories. P.O. Box 5800. Albuquerque. New Mexico 87185. USA

and

A. Datye
Department of Chemical and Nuclear Engineering. 'nit'ersitn of New Mexico. Albuquerque, New Mexico 7131, USA

(iaAsSh InGaAs superlattices of yarwing thicknesses have been grown nominally lattice matched to lnP and characterised bs
X-raN diffraction, transmission electron microscop , Hall measurement, and photoluminescence. These structures exhibit net Hall
electron densities of - 5 x 10I" cm ' at room temperature. X-ray diffraction results demonstrate the existence of an intrinsic
interfacial strain between these two materials. Low -temperature photoluminescence in the range 2-3-2.8 prni is consistent with the
expected tipe II band alignment in this system, and allows determination of the band offsets between these materials.

I. Introduction substrates with a thin (< 0.5 rn) lnGaAs buffer.
Growth rates were approximately 3.2 and 1.5 A/s

GaAsSb remains one of the more poorly char- for the lnGaAs and GaAsSb. respectively, and
acterised of the III-V ternary alloys, primarily total thickness of the superlattices was 1.5 jim. Sb,
due to the difficulty of preparing high quality flux was supplied by a cracking cell consisting of a
material. This difficult, stems mainly from the pyrolytic boron nitride (PBN) sublimator and a
fact that a large miscibility gap exists in this tantalum-baffled PBN cracking zone. As4 flux
system, precluding the preparation of homoge- was supplied by two sources to allow for optimal
neous alloys b\, equilibrium techniques [1]. Recent II/V ratios for the two different materials. Mea-
studies, however, have demonstrated improve- sured As4/Ga beam equivalent pressure ratios
ments in the quality of this alloy as grown by were approximately 13 and 40 for the GaAsSb
molecular beam epitaxy (MBE) and organome- and lnGaAs, respectively. During growth, RHEED
tallic vapor phase epitaxy. and have elucidated the patterns displayed a 2 X 4 reconstruction for both
nature of thermodynamic contributions to material materials, with no noticeable change at the inter-
inhomogeneities [2-71. Relatively little work has faces.
been done, however, to characterise heterojunction The superlattices were characterised by 300 and
systems containing this alloy. We have therefore 77 K Hall measurement, cross-sectional transmis-
undertaken a study of the GaAsSb/lnGaAs sys- sion electron microscopy. and 10 K photolumines-
tem b\ examining nominally lattice-matched su- cence.
perlattices on lnP substrates.

3. Results
2. Experimental

The superlattices had smooth surfaces, with no
The (GaAsSb/InGaAs superlattices were grown roughness detectable by phase-contrast optical mi-

by MqF at 500'(C on n * or semi-insulating InP croscopy, but had densities of oval-shaped defects

0)22-0245 9! ."$ 3 St 1991 Elsevier SLience Publishers BV. (North-Holland)
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on the order of 3 X 104 cm- 7. Because similar
defects have sometimes been seen in InGaAs layers . InGaAs/GaAsSb St. 55155 A
grown on InP. these defects appear to originate at 10 K

the InP/InGaAs interface, and thus seem not to
be intrinsic to the GaAsSb/InGaAs system. These
defects most likely originate during the oxide de-
sorption step of the pre-growth sequence for the
InP substrate. 21 meV

Fig. I shows a cross-sectional TEM photograph
of a portion of a 55 A/55 A superlattice. No 1

dislocations or other defects were visible either in 1651165 85/85

the superlattice layers or at the superlattice/ buffer S
interface, demonstrating a good lattice match of _

the materials. The interfaces appear abrupt, but 6
with a small amount of roughness. No evidence of M
ordering or compositional inhomogeneity was evi- 0.40 0.45 0.50 0.55 0.60

dent in the GaAsSb either in the TEM images or Energy (eV)
TEM diffraction patterns. Fig. 2. Low-temperature photoluminescence spectra for

Hall results for the unintentionally doped GaAsSb/InGaAs superlattices of various periods.

structures showed net n-type conductivity, with
electron concentrations approximately 5 × 10t5

cm - at 300 K. and mobilities of 2500-4500

cm 2/V. s for superlattices with periods from 110
to 330 A. At 80 K, electron densities decreased to
(2-4)× 10"- cm 3  and mobilities were 1600-

- 10,000 cm
2
/V _ s. with shorter-period superlattices

exhibiting the lower mobilities. The contribution
of the thin unintentionally doped InGaAs buffer,
known to be n-type. was neglected in our analysis
of the Hall data.

Low-temperature photoluminescence measure-
ments, as shown in fig. 2. reveal spectra consisting
of a major peak in the 0.4 to 0.55 eV range for
structures of different periods, with a weak low-
energy shoulder (evident only for the 55 A/55 A
structure in fig. 2). This corresponds to an energy
considerably below the known bandgaps of either
material, in accordance with the expectation of a
type II band alignment between these materials.
In addition, the intensity of the luminescence in-
creases as the superlattice period decreases, due to
the increased spatial overlap of the electron and
hole wavefunctions in shorter-period superlattices
of the type II alignment. The full width at half

' ". maximum of the luminescence peaks is - 20 meV.
X-ray diffraction rocking curve measurements

Fig. 1. Cross-sectional transmission electron micrograph of a revealed strong zero-order peaks for the super-
55 ,/55 A GaAsSb/InGaAs superlattice. lattices slightly offset from the substrate and buffer
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layer peaks. In some cases, the InGaAs buffer 0.65 1 I I I I I

layer peak was sufficiently displaced from the
substrate peak to be resolved. The InGaAs com- InGaAs/GaAsSb SL on inp
position in the superlattice was assumed to be the 0.60 10 K

same as that of the buffer. Also resolved were
from 7 to 16 superlattice satellite peaks over the A 0 Experiment

3-4 decade dynamic range of the measurement. Model

Intensities calculated in a kinematical diffraction a 0.5s

model [81 were fit to the (004) experimental inten- UJ
sities to obtain the layer thicknesses and GaAsSb a V 0.32eV

composition and strain. Results of this process '0 0.50
indicated that the GaAsSb layers were under a M
slight compressive strain (A a/a) of less than -4
X×10-1.

e- 0.45

4. Discussion
0.40

Conduction and valence band offsets for this

heterojunction system have been investigated pre-
viously by Sai-Halasz et al. [9] with absorption 0.35 I I I I I I I

measurements on GaAsSb/InGaAs superlattices 60 80 100 120 140 160

and by Sugiyama et al. [10] with single-barrier Well Width (A)
thermionic emission structures. In the work by Fig. 3. Modeled n =1 transition energies for GaAsSb/InGaAs

Sai-Halasz et al., 10 K measurements were per- superlattices as a function of period, with conduction band

formed on structures lattice-mismatched to the discontinuity energy V as an adjustable parameter. Experi-
mental data are also shown.

substrate, from which we derive an estimated In-

GaAs conduction band to GaAsSb valence band
gap of 0.23 eV for compositions lattice-matched to Shown in fig. 3 are calculated and experimental
lnP. Sugiyama et al. obtained for lattice-matched results, assuming the PL peak falls 10 meV below
structures a value of 0.25 eV from measurements the band-to-band transition energy, for three su-
between 300 and 410 K. perlattices. We have assumed bandgaps of 0.80

To determine band offsets in these structures, and 0.81 eV for the GaAsSb and InGaAs, respec-
we have calculated n = 1 transition energies for tively. The results indicate a conduction band
GaAsSb/InGaAs superlattices of varying periods, offset of 0.37 eV, with the GaAsSb conduction
with equal layer thicknesses, with the conduction band higher in energy, which implies an InGaAs
band offset between the materials as an adjustable conduction band to GaAsSb valence band gap of
parameter. The model is a three-band envelope 0.43 eV. This effective bandgap value is somewhat
function approximation [8], and layer thicknesses, larger than those obtained by either Sai-Halasz et
compositions, and strains were obtained from the al. or Sugiyama et al. Comparison with the more
X-ray diffraction modeling described below. In recent measurements of Sugiyama et al. is difficult
contrast to systems where a type I band lineup is without some knowledge of the temperature shifts
found, in this type II system the lowest subband of the relevant bands.
transition energy is a sensitive function of the We have also attempted to model the super-
band offsets. Comparison of this model to the 10 lattice atomic structure through a comparison of
K photoluminescence peak energies determines X-ray diffraction spectra and spectra generated by
the conduction band discontinuity, a kinematical diffraction model. As demonstrated
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SIn + Ga [1001 GaAs or GaAsSb layers, while d4 is larger and d,
o As
0 Ga is the same. The departure of the composition ofo As + Sb 11Growth Direction the GaAsSb-to-lnGaAs group V interface plane

,(BDAs+Sb from ideal can be characterised as grading, ai-
dd 2  3dthough it is important to realise the interface

strain, while modified by grading, is present even
in the ideal case. The depletion of Sb from this
interface may be related to the increase in As
beam flux, which competes for group V lattice

InGaAs GaAsSb InGaAs sites, at the beginning of the InGaAs layer growth.
The fit of the diffraction model spectra to the

Fig. 4. Schematic cross-section of heterojunction interfaces, experimental data is consistently better, for struc-
showing interface atomic spacings which depend on composi- tures with various periods, assuming a graded

tion of group V interface planes. GaAsSb-to-InGaAs interface (83% As + 17% Sb),

rather than an ideal interface. We estimate the
uncertainty in interface composition as + 10%
mole fraction. Some discrepancies still exist be-

for systems such as InP/InGaAs [11], where su- tween experimental and theoretical data, however.
perlattice layers differ both in the group III and In most cases, the model underestimates the inten-
group V sublattice species, interfacial strain is sities of higher-order satellites while overestimat-
expected to be present even when the component ing the intensities of the +1 and -1 satellites.
layers are lattice matched. This strain arises as a The cause of this disagreement has not been de-
result of bonding of the group III species of one termined.
layer with the group V species of the other, e.g.
In-As and InGa-P in the case of Inp/InGaAs, or
Ga-As and InGa-AsSb in the present case. This
is illustrated in fig. 4. The atomic spacings d,
through d4 are a function of the group V species 0 Interface Configuration #1
which occupy the interfacial lattice positions. If 0 Interface Configuration #2

0
we assume that each monolayer of material is 0 55 A4 InGaA55 A GaAsSb [

terminated by the correct group V species, then 0. (004) Rocking Curve

these interface planes are As and 50% As + 50%
Sb, for transitions from InGaAs to GaAsSb, and
GaAsSb to InGaAs, respectively.

We have examined various possible chemical .

compsitons f tesegrou V ntefaceplaes0
and their resulting lattice parameters in the dif- -3
fraction model. The ideal interfaces described E

above provide a relatively poor fit between calcu-
lated and experimental diffraction peak intensities CM -40
as shown in fig. 5 for "interface configuration No. .j

1". The best fit, as shown for "interface configura- -5 1 1 1
tion No. 2", results from assuming that the inter- -2.0 -1.6 -1.2 -0.8 -0.4 0.0 0.4 0.8 1.2 1.6 2.0

face group V planes are As and approximately Delta Theta (deg)
83% As + 17% Sb, for transitions from lnGaAs to

Fig. 5. Experimental and calculated (004) X-ray diffraction
GaAsSb, and GaAsSb to InGaAs, respectively, spectrum for a 55 A/55 A superlattice. with calculated satellite

This implies that atomic spacings d2 and d3 are intensities corresponding to ideal and graded interface config-

smaller than the spacings within either the In- urations detailed in text.
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Growth and properties of InAsSb -_,., AlIGa . Sb,
and InAs.,Sb _.,/A1 ,Gal1 ,.Sb heterostructures

J.H. Kim. D. Yang. Y.-C. Chen and P. Bhattacharya
Solid State Electronics Larorv. Department of Electrical Engineering and Computer Sc ience. The Uniiersitv of Michigan. Ann Arbor.
Michigan 410Q-2122. USA

A series of undoped InSb and InAsSbj , lavers were grown using tetramer Sb4 and As4 sources on (10))-oriented
semi-insulating GaAs and InP substrates with different growth parameters. Ver, high electron mobilities (70.000 and 110.000
cmV

, 
V in InSb at 300 and 77 K. respectiels) and n-type conductivity are obtained for all alloy compositions. The flux ratio

P11 Pin played a crucial role in determining the surface morphology and the mobility of lnSh films. Barrier heights of
Al p-AlGa, Sb Sbhottky diodes are measured and are 0.4 eV. A 300 A Si-doped lnAs, Sb,, channel region sandwiched between
undoped Al,,,.(a,,,Sb buffer and gate barrier regions has p = 1000 cm'/V-s and n, = 5.4 x 101- cm - at 3() K_ I ptm gate FETs
made with this heterostructure have shown a maximum extrinsic g, = 160 mS,mm and J, = 5 (Mit at 300 K.

I. Introduction grown by molecular beam epitaxy (MBE) exhibit
type conversion and degradation of the transport

The Sb-containing alloys. and their heterostruc- properties as the measurement temperature is
lure, are becoming increasingly important for lowered from 300 K [4-61.
long-%avelength optoelectronic and cryogenic InAs. lnSb. and their binary alloys have favora-
electronic device applications. In particular. the ble transport properties compared to GaAs or
InAsSb, , alloys produce the lowest bandgap in InP. As mentioned above. they have higher low-
the famil\ of II - V compounds. The, are there- field mobility. In addition, the I'-L and F-X
fore suitable for detectors and sources operating intervalley separations are about I eV or larger.
at \avelengths in the 3 5 pm and 8 12 Am leading to negligible intervallev scattering and
sindows where the atmospheric absorption goes higher peak velocities. This will potentially im-
to a minimum 11 - 3]. However, in the development prove the performance of submicron devices also.
of materials and heterostructures for application Therefore. if some of the problems mentioned
to high speed and high frequency microelectron- earlier can be alleviated, one stands to gain from
tcs. the antimon\-bearing compounds have lagged the superior materials characteristics.
behind. There are several reasons for this. Lack of In this paper. we report the growth and trans-
suitable suhstrates and their large lattice mismatch port properties of lnAsSb , heteroepitaxial
to GaAs and InP is one. The existence of large layers, and the characteristics of Al,.Ga ,Sb/AI
miscibilitv gaps precludes the growth of high qual- Schottkv diodes. We have also investigated
ity materials at lower temperatures by equilibrium InAsSb ,/AI,Ga, ,Sb heterostructures grown
and non-equilibrium techniques. On the other by MBE on GaAs and lnP substrates for the
hand. because of their low bandgaps. the transport realization of field effect transistors (FETs). Fi-
properties are expected to improve considerably at nally. we report the structure of lnAsSb, /Al,
low temperatures and therefore these materials Ga, Sb heterostructure field effect transistor
and devices would be important for cryogenic (HFET) and its performances. The DC and high
applications. However. recent epitaxial materials frequency performance of 1 Am gate FETs made

(1)22-0241 91 $031 1941 Elsem..er %tience Publishers B.V. (NOrth-Holland)
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with InAsSb/AlGaSb heterostructures are de- 5

scribed.

2. The growth and transport properties of
InAs Sb - -.

> 3 -'"

Heteroepitaxial lnAsSb,_ layers (0 < x < 1) E"

were grown on Fe-doped (100 InP substrates and :Z

semi-insulating GaAs (100) substrates in a Riber 0 2
2300P MBE system. Elemental arsenic and anti-
mony were used as the group V sources, producing
predominantly As4 and Sb4 species. After oxygen
desorption under As 4 overpressure (1.5 X 105

Torr). the growth of InAsSb was initiated as sub-
strate temperature ranging from 350-500'C, as
nieasured by an infrared pyrometer. The growth a 2 4 8 8 to
rate varied in the range 0.8-1.0 M~m/h and the Ps /Pl.
flux ratio Jh,/IJi was varied in the range of 0.3 to Fig. 1. Variation of measured Hall mobilities with psh,/P n in

4.0. The thickness of these directly grown layers I Am InSb films grown on lnP at 380'C and I lim/h. The

varied in the range of 1.0-14.0 um. In-situ ex- dashed line joins the data points.

amination of the crystalline nature of growth was
done by reflection high energy electron diffraction the growth temperature used. Similar results were
(RHEED) measurements with 10 keV electron obtained in the lnSb films grown on (100) GaAs
beams along the (110) azimuth. The observed substrates. The measured mobilities of InAsSbsubstatey natur ofsue mobhiie ofEE InasSbn atte
spotty nature of the RHEED pattern at the ini- with different composition ratios are shown in fig.
tiation of growth indicates a three dimensional 2. All samples are n-type. The mobility of lnSb is
growth mode resulting from the large lattice mis- 70,000 cm 2/V s at room temperature and 110.000
match. After growth of a few hundred Angstr6ms,
the spots change to streaks with a (1 x 3) recon-
struction, indicating continuous coverage and 10"
smoothening of the growth front. Our observa- iGaAs

tions were essentially same as those in previous * InP
reports [7]. 7

We have grown InSb films (1 Im thick) on
(100) lnP substrates with different partial pressure >
ratios Psh,/IP,. The measured room-temperature to'
Hall mobilities of 1 pm lnSb films grown on InP •
with different partial pressure ratios are shown in
fig. I as a function of the partial pressure ratio. C
All the samples are n-type and the highest electron
mobility can be observed in the sample with
P..,,/PI, ratio of 6 and a corresponding beam flux
ratio Jshi1Jin of 2. The above observations suggest 0 0 0.4 06 080 02 04 06 08 1
that the flux ratio. Js.,/JI., plays a crucial role in InSb x InAs

determining the surface morphology and the elec- Fig. 2. Variation of measured room-temperature electron mo-
tron mobility in the heteroepitaxial InSb films due hility with alloy compositions in InAs,Shb , films grown on

to the high sticking coefficient of Sb 4 molecules at GaAs and InP.
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Fig. 3. (a) I -;'characteristics at 80 K of Al/GaSb diodes and (b) ln(JI/T
2

) versus 103/T plot of Al/Al1 4 Ga1 Sb diode.

cm'/V • s at 77 K. and the mobility of InAs on from the analysis of these data are 0.37 and 0.4 eV
lnP is 15.000 cm/V • s at room temperature. The for GaSb and Al0 4 Ga0.,Sb. respectively. Mead
mobility rapidly drops with alloying, probably due and Spitzer [8.9] and Sadiq and Joullie [10] have
to a combination of increased lattice mismatch reported barrier heights of 0.55 and 0.7 eV for
and clustering effects. However. the mobility val- Au/p-type A1Sb Schottky diodes. Mead and
ues compare very favorably with lnAsSb1 -, films Spitzer cleaved the samples in vacuum before de-
grown by liquid phase epitaxy on lnSb substrates. positing the Au layer. Assuming an increase of
This also indicates that clustering effects rather barrier height with bandgap. our results are in fair

than dislocation effects are responsible for the agreement with the data of Mead and Spitzer.
degradation in mobility. These are first reported data on barrier height of

MBE grown AIGaSb.

3. The growth and schottkv diode characteristics of
Al ,Ga _.Sb epitaxiai layers 4. The structures and the performance of

lnAso0 8 Sbo.2 / Al o 4Ga 6 Sb HFET

An important parameter in the design and
fabrication of FETs are the barrier height and For an FET it is important to realize a thin
leakage current of the Schottky gate contact. Since channel with good transport properties. We used
in our heterostructures, the Schottky diode is inAsSb as a channel and AlGaSb as a barrier
fabricated on an AIGaSb layer, we have examined material. The schematics of the doped-channel

the properties of AI/AlGaSb Schottky diodes. A I heterostructure FET grown on semi-insulating
#tm laver of AlGaSb Be-doped p-type 5 x 10i" GaAs is shown in fig. 4. The sheet electron con-

cm Iwas grown on P+-GaSb substrates. 500 pm centration and mobility in the 300 A Si-doped
diameter Al Schottky diodes were made on the InAs, ,Sb,2 channel at 300 K are 5.4 x 102 cm- 2

layers by electron beam evaporation through a
shadow mask. Forward and reverse-bias current-
voltage measurements were made on the diodes as 100 A n = 2 x 10 8 Cm

3 InAs

a function of temperature in the range 80-400 K. 400 A Undoped AIGaSb Barrier
The I-- V characteristics of a GaSb diode at 80 K 30 A n - 2 x 1 CM' 3tnAsSb Channel
are shown in fig. 3a. The reverse saturation cur-
rent is 8.83 uA and the breakdown voltage is 3 V. 7 urn Undoped AIGaSb Buffer

Fig. 3b shows the In(J,/T 2 ) versus I/T plot for S. I. GaAs Substrate
an Al,,,Ga,Sb diode in accordance with the Fig. 4. Schematic of InAsSb/AlGaSb heterostructure FET
Richardson equation. The bamer heights obtained grown by MBE on GaAs.
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Fig. 5. Measured (a) DC and (b) microwave performance at room temperature for InAsSb/AlGaSb heterostructure FFT.

and 1000 cm2/V • s, respectively. Recently, FETs bilities in InSb (10 pm thick) are 70,000 cm 2/V s
with an undoped channel using the InAs/AlGaSh and 300 K and 110,000 cm2/V • s at 77 K. and
(or AISb) heterostructure were reported by Tuttle lower values are measured in the alloys.
and Kroemer [11] and Luo et al. [121. We have also investigated the suitability of

I p X 50 pm gate FETs with a source-drain AlGa -, Sb as a buffer and gate barrier layer in
spacing of 3.5 pm were made by standard photo- heterostructure FETs. Al Schottky contacts were
lithography techniques. The source and drain con- evaporated on these p-type films and temperature-
tacts were made with electron beam evaporated dependent current-voltage measurements were
Au/Ge/Ni and subsequent alloying. Al gate con- made. Barrier heights of 0.37 and 0.39 eV are
tacts were formed by electron beam evaporation, measured in GaSb and Al 4Ga,)Sb. respectively.
Measured room-temperature current-voltage We have made a 300 A Si-doped lnAs, Sb1,
characteristics of the devices are shown in fig. 5a. channel structure, sandwiched between undoped
The devices cannot be pinched off due to a large Al,, 4Ga,,Sb buffer and gate barrier region. It
parallel conduction. The maximum measured shows 1 = 1000 cm2/V. s and n,= 5.4 x 1012

transconductance at 300 K is 160 mS/mm. The cm 2 at 300 K. 1 pm gate FETs made with this
S-parameter measurements were made on the de- heterostructure, showed a maximum extrinsic g,
vices with a CASCADE probe station and a 8510 160 mS/mm and fT = 5 GHz at 300 K.
automatic network analyzer. The measured cur-
rent gain is shown in fig. 5b. The unity gain
cut-off frequency fr is found to be 5 GHz. Acknowledgements
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MOMBE growth of GaSb and InAsSb using triethylstibine
and triethylarsine

Tadaaki Kaneko, Hajime Asahi, Yasushi Itani, Yasutoshi Okuno and Shun-ichi Gonda
Instiute of Scentific and Industrial Research (ISIR). Osaka Unitersio. 8-1, Mihogaoka. Iharaki. Osaka 567. Japan

We report metalorganic molecular beam epitaxial (MOMBE) growth of GaSb and lnAsSb using triethylgallium (TEGa),
trimethvlindium (TMIn), triethylstibine (TESb). and triethylarsine (TEAs). For GaSb growth, the maximum growth rate is observed
at a substrate temperature of 500 0 C. This is associated with the use of TESh instead of solid Sb. where the alkyl species coming from
thermall, cracked TESb also play important roles in the pyrolysis of TEGa. For InAsSb growth, it is found that pyrolysis of TMIn at
substrate temperatures below 400'C is decomposition limited. Precise control of solid composition for InAs - ,Sb, in the range of
0 < s < 0.6 is confirmed in the temperature range from 400 to 500 C.

I. Introduction organics instead of solid sources. The employment
of these materials without the use of a toxic group

Alloys of lnGaAsSb lattice matched to GaSh V hydride compressed gas is of much interest from
have attracted considerable interest for 2-4 pm a safety point of view. In the growth of GaSh
wavelength optical devices [I] and high speed elec- using triethylgallium (TEGa) and triethylstibine
tronic devices [2]. Several authors have reported (TESb), the effect of the thermal cracking process
the epitaxial growth of Sb-containing materials by of TESb on the pyrolysis of TEGa on the surface
MBE [31 and MOVPE [4]. However. this system is investigated from the growth rate variation with
has a wide miscibility gap and contains two group the growth conditions. In the growth of
V atoms where the reproducibility of the composi- InAs, -,Sb, using trimethylindium (TMIn). trieth-
tion of the alloys is strictly dependent on flux ylarsine (TEAs) and TESb. the control of alloy
stability. In solid source MBE. it is difficult to composition in the range of 0 <x < 0.6 is re-
control the composition of materials containing ported. At the same time, the effect of the surface
two group V atoms. MOMBE (metalorganic pyrolytic process of TMIn is described in terms of
molecular beam epitaxy). which is a non-thermal- the growth temperature dependence of the con-
equilibrium growth technique and has an ad- stituent binary growth rates.
vantage in good controllability of gas sources, is a
promising method for growing this material sys-
tem. Furthermore, the study of MOMBE growth
using group V metalorganic gas sources gives im- 2. Experiment
portant information to the MOMBE growth
mechanism. The MOMBE growth experiments were per-

We have previously reported [5.61 the first trial formed using the conventional MBE growth
on MOMBE growth of GaSb. InAs and InSb on chamber equipped with an oil diffusion pump
GaSb substrates using metalorganics only for having a liquid nitrogen trap and with gas supply-
group il atoms, where the Sb-related growth ing systems. The sources used were TEGa, TMIn,
kinetics of group III metalorganics have been dis- TESb. and TEAs. No carrier gas was employed.
cussed [6]. This paper describes the first MOMBE The substrates used were Te-doped (001) GaSb
growth of GaSb and InAsSb using group V metal- (n = I X 101' cm ') and (001) semi-insulating

(X)22-248/91/SO3.50 , 1991 - Elsevier Science Publishers B.V. (North-Holland)
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GaAs. The group III gases were directly intro- 06

duced into the growth chamber, and the group V 0 TESO0 4SCCM X

gases were introduced through a cracker cell (= A TESbO 3SCCM

800 C) after mixing. At this cracking tempera-

ture, both TESb and TEAs were expected to effi-
ciently decompose judging from the mass spectro- 0.4

metric measurement in the MOMBE system. The
gas flow rates were controlled by mass flow con- _,
trollers. Further experimental details have been 0 / I
described elsewhere 15,6]. ,

GaSb layers were grown on GaSb substrates /
over temperature range of 400 to 580 ° C. The flow o 0.

rates of TEGa and TESb were varied from 0.2 to 0

2.0 and 0. 1 to 0.4 SCCM, respectively. The growth /
rate of GaSb was determined from the period of 0 1

RHEED (reflection high energy electron diffrac-,/
tion) intensity oscillations. For the growth of In- oEGa2OSCC.
AsSb on GaSb substrates, the temperatures were 0.0 ,__
varied from 350 to 500'C. The TMIn flow rate 400 450 500 550 60C

was 0.1 SCCM, where the outlet of the group III SUBSTRATE TEMPERATURE ( C)

gas cell was rearranged to get four times closer to Fig. 1. MOMBE GaSb growth rate versus substrate tempela-

the substrate than during growth of GaSb. The ture for a given TESh flow rate with a constant TEGa flow

flow rates of TEAs and TESb were varied from rate of 2.0 SCCM. The broken line shows the temperature
0.06 to 0.2 and 0.05 to 0.4 SCCM, respectively. dependence of growth rate for MOMBE GaSh using solid Sb4with the same TEGa flow rate.

The solid composition was determined using X-ray
diffraction measurements by assuming Vegard's
law. Growth rate was confirmed by the cross-sec- served here were larger than those using Sb4 under
tional observation of cleaved epilayers with a the same growth conditions.
scanning electron microscope, and by the meas- A significant variation of the MOMBE GaSb
urement of the step height between the epi.yer growth rate with substrate temperature is shown
surface and the substrate surface masked with a in fig. I for two different given TESb flow rates at
small Ta piece during the growth. Typical back- a constant TEGa flow rate of 2.0 SCCM (solid
ground pressure during growth is less than 3 x lines). The variation of growth rate for the GaSb
10 ' Torr. layers grown using Sb4 under the same TEGa flow

rate is also shown with a broken line for compari-
son. The use of TESb instead of Sb4 induces
changes in the growth rate variation curvc with

3. GaSb growth substrate temperature. The growth rate of GaSb

grown from TESb shows a maximum at around
Mirror surfaces were obtained for GaSh growth 5000 C. However, the growth rate at 5000C is

over the entire range of growth conditions em- lower than that in the GaAs growth using the
ployed here except at a V/Ill ratio less than unity, same TEGa flux by a factor of 3. Since a decrease
The surface reconstruction during growth ex- in the growth rate can be observed with increasing
hibited (1 x 3) pattern, similar to the result ob- TESb flow rate even at higher temperatures, the
served in the conventional MBE growth [7]. growth rate reduction above 500'C is not related
RHEED oscillations were observed at substrate to an Sb deficiency on the surface, but to the
temperatures in the range of 400 to 580°C. The surface pyrolytic process of TEGa. This indicates
amplitudes of RHEED intensity oscillations oh- that the alkyl species coming from thermally
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0.30 rate. However. since the rate of the growth rate
Tsub=500 C reduction with increasing TESb has little depen-

dence on the magnitude of additional hydrogen, it
is considered that alkyl species cracked from TESb

0.2 play a relatively important role in the site blocking
effect on the pyrolysis of TEGa, compared to

V \\hydrogen.

,A The electrical properties of GaSb layers grown
020 on a (001) GaAs substrate were evaluated by Hall

< 020 ,measurement. The 1.2 jim thick undoped GaSb
0

layer grown at 520'C using TEGa of 2.0 SCCM
and TESb of 0.4 SCCM showed a relatively low
hole concentration of 2 x 1017 cm 3 and mobilit)

0 15 . of 660 cm/V, s at 77 K.
0E ,1 S71CM. 1- . I
a • SC CM

o , s ... .SCi A! 4. InAsSb growth
A 4 SCCM f o 34 SCCM

C0!

008 0 12 0,6 020 In the MOMBE growth of lnAsSb. mirror-like

TESb FLOW RATE (SCCM) surfaces were obtained only in the narrow region

Fig. 2. MOMBE (aSh growth rate versus TESb flow rate for of TEAs/TMIn flux ratio close to unity. Under
given TF(;a flow rate, at a substrate temperature of 5(X)0 C. this condition, the InAs layers grown on GaSb

substrate using TMIn and TEAs exhibit cross-

cracked TESb also play an important role in the
MOMBE growth process by suppressing the ...........
ethyl-gallium bond cleavage reaction. T -=0 SCCM

Fig. 2 shows the TESb flow rate dependence of . TEAs-0 SCCLI

the growth rate for different TEGa fluxes. The - =

growth temperature was kept at 500°C. At the
leftside points of each curve the V/Ill ratio corre- 5

sponds to unity. The remarkable reduction of the
growth rate with an increase in the TESb flow rate
can be seen near the region at V/Ill ratio close to
unity. A similar reduction in growth rate with
increased group V flux has been observed in the
MOMBE growth of GaSb using Sb4 [6] and GaAs
using AsH, (8]. This indicates that oversaturated ,
alkvl molecules coming from thermally cracked
TESb reduces the number of sites available for
TEGa pyrolysis. Since the mass spectrometric n -

measurement showed that one of the main species
of TESb by cracking was hydrogen. we also in- 0
vestigated the overpressure effect of hydrogen on 300 250 400 450 500

the MOMBE GaSb growth, shown as broken lines SUBSTRATE TEMPERATURE C)
in fig. 2. by introducing hydrogen into the cracker Fig. 3. Substrate temperature dependence of Sh solid composi-

cell for group V sources. We can see the decrease tion for MOMBF t ,.,AsSb as a function of I"ESb flow rate with

of the growth rate with increasing hydrogen flow constant -MIn and TEAs flow rates of 0.1 SCUM.
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Tsub ('C) temperature is considered to reflect an increased
550 500 450 400 350 Sb desorption rate from the growth front [9].

Fig. 4 shows temperature dependence of In-
S...AsSb and constituent binary growth rates at TMIn.

TEAs and TESb flow rates of 0.1, 0.2 and 0.4

SCCM. respectively. The growth rates of binaries
obtained here were calculated from the total
growth rate and solid composition. From the tem-
perature dependence of the constituent InSb and
InAs growth rates, the pyrolytic process of TMIn
is found to be decomposition limited below 4000 oC
and the activation energy is almost the same. It is
considered that the catalytic efficiency of TMln

has no difference between :ie constituent InAs
growth and the lnSb growth in this growth condi-
tion. In the temperature region of 400 to 450 0 C,

* A- . t., nearly flat regions can be seen. corresponding to
o r,7ISb.04SCcrk the transport limited region. Thus, adopting the

EAs -0 2SCCM
temperature within this range during MOMBE

0. .. ..... . InAsSb growth may offer a reproducible control
1 13 1 4 15 16 1

of the solid composition. At higher temperatures
Fig of more than 4500C. the growth rates decrease

Fi, 4. Grow-th rates of InAsSh and calculated constituent with increasing temperature, which is caused by
binarN compounds InSb and InAs as a function of reciprocal

temperature for MOMBF grown lnAsSh with TMIn, TESb
and I E.-\ flo" rates of 0.1. 0.4 and 0.2 SC('M. respectively.

06

hatched appearance in the temperature range of A 350 C
400 C

350 to 5000C. The inAsSb layers during growth 0 5 A 4Ec C

show c(2 x 6) RHEED patterns.
Fig. 3 shows the temperature dependence of Sb "A

solid composition x of InAs t _,Sb, as a function Z 0 4
of TESb flow rate with constant TMln and TEAs

flow rates of 0.1 SCCM. As shown in this figure.
two distinct temperature dependent regions can be o 3

seen. The first is the low temperature region below
400'C, where the Sb solid composition increases 0
with increasing temperature. This region seems to 02

Uf)he characteristic of MOMBE growth, because py-
rolvtic process of TMIn in this temperature range A-0 1
is expected to be decomposition limited from the 0 1

result reported on the MOMBE growth of InAs TMro0 1SCCM

using TMIn and solid As [6]: The second is theO
region above 40'C' where the Sb solid composi- 0o 0 1 02 03 04 05

tion decreases with increasing temperature. Simi- TESb FLOW RATE (SCCM)

lar observations were reported on both MOVPE Fig. 5. Sb solid composition versus TESb flow rate for MOM BI

and MBE growths of lnAsSb [3.4]. The tendency InAsSb as a function of substrate temperature with constan'

of the lower Sb content at the higher substrate TMIn and TrAs flo% rates of 0.1 SCCM.
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the desorption of In atoms, as in conventional 400'C. the reduction of the Sb solid composition
MBE. with decreasing temperature was observed. From

Since the temperature dependence of the con- the temperature dependence of constituent InSb
stituent InAs growth rate is quite similar to the and InAs growth rates, the pyrolytic process of
result observed in the growth of binary InAs using TMIn was found to be decomposition limited
TMIn and As4 [6], the existence of Sb molecules below 400°C having almost the same activation
does not play an important role energetically in energy.
the decomposition of TMIn on InAs. Therefore, it
is expected that the decomposition of TMIn on
binary InSb may obey the temperature depen-
dence of the constituent InSb growth rate ob- Acknowledgements
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Electrical characteristics dependence on aluminum mole fraction
in (A10.5Ga 0 5)Sb/InAs/(Al xGa - ') Sb heterostructure

Kanji Yoh, Toshiaki Moriuchi, Mitsuaki Yano and Masataka Inoue
Department of Electrical Engineering, Osaka Institute of Technology, 5-16-1 OmiVa. Asahi-ku, Osaka 535. Japan

We have studied the electrical characteristics of the (AI 0 5 Ga0o )Sb/inAs/AI,Ga1 , )Sb heterosystems in a variety of samples
with different aluminum mole fraction, x. Negative photoconductivity has been observed when the aluminum mole fraction is
between 0.2 and 1.0. Reduction of both electron mobility and sheet carrier concentration by the light illumination was post
pronounced at x = 0.75. The negative photoconductivity of an (Al 0oGa0 5 )Sb/InAs/(Alo5 Ga 0 5 )Sb structure was found to
disappear at high electric fields by pulsed Hall-effect measurements suggesting increased Coulombic scattering being the origin of the
negative photoconducti.it. .

1. Introduction measurement on an (Al 0.5Ga0,)Sb/lnAs/(Al s
Ga,1 ,)Sb heterostructure will be discussed in con-

lnAs/(AI,Ga - ,)Sb heterostructures provide junction with the negative photoconductivity ef-

not only interesting band alignment [1.2] in physi- fect on high field electron transport.

cal point of view, but also practical applications
such as high performance field-effect transistors
[31 and quantum interference devices. High speed 2. Experimental
electron transport is expected because of its ex-
tremely high low-field mobility [4] and high over- The heterostructures have been grown on GaAs
shoot velocity of the electrons in the channel substrates by molecular beam epitaxy (MBE) using
under high electric field. However, the characteri- the ANELVA-620 system. As shown in fig. la, the
zation done so far on this system is not sufficient standard structure consists of 1.0 Ipm of GaSb
enough to optimize the heterostructure for any buffer layer, 0.75 pm of AISb. 2000 A of (Al,
realistic device application. For example, the lack Gat -,)Sb. 150 A of InAs, 150 A of (Al0 5Ga,.5)Sb,
of knowledge includes spacial distribution and the and 100 A of GaSb cap layer. Growth conditions
concentration of the not-intentionally-doped were carefully chosen in order to avoid the arsenic
donors [41 in the (AIGa)Sb barriers, their depen- mixing into the (AIGa)Sb layers [5]. The insertion
dence on the aluminum composition, and negative of the initial GaSb buffer plays an important role
photoconductivity [4] dependence on the hetero- to obtain good surface morphology and high low-
structure. We have studied the electrical character- field mobility of electrons in the InAs channel. In
istics of the (Al 4 1,Ga 05)Sb/nAs/(AlGa,-,)Sb order to avoid the parallel conduction of holes in
heterosystems in a variety of samples with differ- the GaSb buffer layer, all the devices have been
ent aluminum mole fraction (x) and then, other fabricated using non-alloyed ohmic contacts to the
similar but slightly different structures such as InAs channel. The substrate temperature, Tu,,
(Al, 1,Ga0,)Sb/lnAs/GaSb heterostructures with during the growth of InAs channel and the rest of
thin (AIGat ,)Sb layers inserted at the the layers above it was set to 480'C, while the
lnAs/GaSb interface. Finally, pulsed Hall-effect Tuh during the growth of the layers under the

0022-0248/91/S03,50 ' 1991 - Elsevier Science Publishers B.V. (North-Holland)
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channel was set to 5500 C. Beam pressure ratio of 3. Results and discussions
As to In was chosen in such a way that the InAs
surface reconstruction falls into the transition re- The Hall-effect measurements by Van der Pauw
gion from 2 x 4 to 4 x 2 [6]. The aluminum corn- method on the standard structure (with x = 0.5)
position of the top barrier has almost no effect on showed mobility of 20100 and 60600 cm 2/V _ s at
the electrical characteristics (similar results ob- 300 and 77 K, respectively. The corresponding
tained in ref. [7]). Accordingly, the aluminum mole sheet carrier densities were 1.38 x 1012 and 9.96 x
fraction of the top barrier has been set to be 0.5, 101 cm -2, respectively. Fig. 2 shows Hall mobility
because it provides both moderate inertness to the and sheet carrier concentration dependence on
water vapor and moderate barrier height at the temperature, respectively. As can be seen, both
same time. The first set of experiments were done mobility and the sheet carrier concentration de-
by Hall-effect measurements (Van der Pauw creases at low temperatures upon light (green
method) of a series of standardi structures which LED) illumination. This negative photoconductiv-
are otherwise identical but with different x, in ity, which was found in a AISb/InAs/AISb sys-
order to investigate the effects of aluminum mole tem by Tuttle et al. [4], was observed as well in the
fraction in the bottom barrier on the electrical (AIo.Ga 05)Sb/ InAs/(Al Ga, - ,)Sb heterosys-
characteristics of the InAs channel. A second set tem in a wide range of aluminum mole fractions.
of experiments were done by inserting thin The compositional parameter, x, in the lower bar-
(Al ,Ga ,)Sb lavers at the bottom interface of rier significantly affects the electrical characteris-
the InAs channel in (AlO)SGa,,)Sb/lnAs/GaSb tics of the InAs channel layer. The room tempera-
heterostructures in order to extract the effects of ture mobility is always near 20000 cm 2/V . s, inde-
interface materials on the electrical characteristics. pendent of the aluminum mole fraction. Low tem-
A third set of experiments were done by high-field perature mobilities at 77 K are rather scattered
pulsed Hall-effect measurements on Hall-bar de- and range between 40000 and 80000 cm 2/V- s.
vices with a spacing of 50 itm, in order to investi- The mobility reduction upon light illumination
gate the aluminum mole fraction effects on the occurs if the bottom barrier. (AlGa, -)Sb, of the
electron transport under high fields, samples contains more than 25% of aluminum.

GaSb cap 1 OO
(AIGa)Sb 150A GaSb cap 1OOA

InAs channel 150A (AGa)Sb 1505

: InAs channel 150,

5 (AlxGa I x)Sb 1 20001 (Alx al-x)Sb 60

AlSb buffer 7500 GaSb
; GaSb buffer ' iu~m

_ GAssufferte i l GsAs substrate
GsAs substrate I

(a) (b)

Fig. I. Schematic diagrams of (a) standard (Al 1 1$Oao5)Sb/lnAs/(A1,Gaj ,)Sb heterostructure and (b) (AI 1oGao)Sb/lnAs/
(Al,Gai, , )Sb/GaSb heterostructure with thin barrier.
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The carrier concentrations at 300 K are rather o
X 01 11 Normalized Mobility

scattered and range from 1.5 x 1012 to 2.5 1012 - -0 M-ilit

cm -. The sheet carrier concentrations at 77 K .= - -- - . -
roughly stay near the 1 x 1012 cm -2 range except Normalized Sheet

roughl Carrie CocentheIicm
in the vicinity of x = I where the concentration O 0.9Crtier coceralon

slightly goes up. At 77 K, reduction of the sheet
carrier concentration upon LED flash has been \

observed in the aluminum mole fraction range of ,
- 0.80.25 to 1.0. which matches the mobility reduction NormalizedMoblit"y

range as discussed above. The electron mobility " ,
and the sheet carrier concentration after lED
flash at 77 K are plotted in fig. 3 (solid curves), o, 0.7
where all data are normalized by the results
without LED flash. From this figure, it is obvious -- Standard

2 0.6 --- Thin (AIGa)Sb Insert
that almost the same amount of reduction occurs
in both sheet carrier concentration and electron
mobility in the same range of aluminum mole 0.

fraction upon the light illumination. From fig. 3. . ' 0 0 0o ' 0.2 0.4 0.6 0.8 1.0

the threshold aluminum mole fraction above which Z

negative photoconductivity occurs reads around Aluminum Mole Fractlon,X
0.2.

Fig. 3. The electron mohilit and the sheet carrier concntra-
The suppression of the negative photoconduc- tion measured at 77 K after LEt) flash. Data are normalized

tivitv has been observed in the heterostructures h, the resultswithout LEt) flash.

with a thin ( 60 A) (AI,Ga , )Sb layer inserted
between the InAs channel and the bottom GaSh little effect on the electrical characteristics, as
laver, which is depicted in fig. lb. The aluminum shown in fig. 3 (dashed curves). Furthermore, both
mole fraction of the bottom thin barrier has very electron mobility and the sheet carrier concentra-

tion were always higher than the standard struc-
I 2.11hge hesadr

_ _ _-tures with the same barrier compounds. On the
-- 7 other hand, in the otherwise identical structure

but with the bottom GaSb layer replaced by
i.5 - (Al, 5Ga,,,)Sb. the negative photoconductivity

did not disappear. These results show that the
bulk (AI,Ga, ,)Sb laver (0.25 < x < 1.0) is

- , - '.1) ~ respon-sible for the negative photoconductivitv
= effectnot something that has the origin at the

InAs/(AIGa, ,)Sb interface. These results sug-
_ . , gest that the donors are not localized at the bot-

. tom interface of the channel where possible AlAs
Dark bonds are formed as suggested by ref. [7]. Rather.

~ I * ter Il'las-b the donors seem to be distributed uniforml- in

00.0 (AlGa)Sb layers.
0 100 1110 .111 Electron transport properties under high elec-

tric fields have been studied by pulsed Hall-effect

Temperature (K) measurements. As shown in fig. 4. both the sheet
carrier concentration and the electron mobilityF'ig. 2 Htall mohiliti and sheet c:arrier c..ncentratlon depen- meurd fer[)flscahupteor-

dencc on temperature. Open squares derote the results after measured after LED flash catch up the corre-
IFI) flash sponding results measured without LEI) flash at
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_1 r~~ - -- -, 105 tion range of 20% to 100%. The aluminum mole
/ I' fraction of the bottom thin barrier had very little

__" %" effect on the electrical characteristics, but rather
++-. . the bulk (AIGa -,)Sb under the thin barrier

S ' affected the negative photoconductivity effect.
, Pulsed Hall measurement on an (Al 0.sGao 5)Sb/

lnAs/(Al1 Ga,. 5 )Sb heterostructure showed sup-
pression of the negative photoconductivity effect

PAR k at high electric fields, suggesting the increased

Coulombic scattering being the origin of the nega-
0..5 7 1,5 2 tive photoconductivity.

Fig. 4. The electron mobility and the sheet carrier concentra-
tion of an (Al,, (ia,,,)Sb/ InAs/(AI,, 5Ga o s )S b structure Acknowledgements
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The growth of (A1,Ga)Sb tilted superlattices and their heteroepitaxy
with InAs to form corrugated-barrier quantum wells

S.A. Chalmers. H. Kroemer and A.C. Gossard
Electrical and Computer Engineering Department and Materials Department. Universitj of California, Santa Barbara.
California Q310 . USA

We have demonstrated the molecular beam epitaxial growth of (AI.Ga)Sb tilted superlattices (TSLs) on 2' vicinal (100) GaSh
and GaAs substrates. The existence of (AIGa)Sb TSLs proves that step-flow growth can occur in this material system. and in the
presence of strain. Lateral fluctuations in the tilt angle of the superlattice are observed and are found to he caused by a non-uniform
distribution of incorporated adatoms which is correlated with the surface step density. The (AI.GaiSb TSL growth was also combined
with InAs growth to form an InAs quantum well with "'corrugated" barriers consisting of (AI.Ga)Sb TSLs. The electron mobilities in
this structure exceeded 6 x 10' cm 2

/V s.

1. Introduction To investigate the step-flow growth of AISb
and GaSb we attempted to grow (AI.Ga)Sb TSLs.

Aluminum antimonide. gallium antimonide, and found that in spite of the 0.65% lattice mis-

and indium arsenide form an interesting family of match between these two materials. they can be
compounds for molecular beam epitaxial (MBE) grown together by step-flow to form uniform TSLs.

growth because they are nearly lattice-matched We also demonstrated that AISb and GaSb step-
and they can be combined to form heterojunctions flow growth can be successfully combined with

and hey an b cobtne to ormInAs growth by growing an InAs quantum well
with straddling. staggered, and broken gap line- l, C,
ups. To learn more about the MBE growth of with "corrugated" (AI.Ga)Sb TSL barriers, which

these compounds we have investigated their step- exhibits electron mobilities inside the well in ex-

flow growth on vtcinal surfaces, which gives infor- cess of 6 x 1W cm/V

mation on the surface diffusion of the deposited
adatoms and on the morphology of the growing
surface. Successful step-flow growth of these com- 2. Experimental
pounds also raises the possibility of fabricating
new structures in this material system, such as All growths were performed in a Varian Gen 11
tilted superlattices (TSI.s) l.21 The growth of MBE system with solid sources and an arsenic
more conventional structures may also be im- cracker. Both not-intentionally-doped GaSb and
proved by step-flow growth on vicinal surfaces. semi-insulating GaAs substrates were used, with
which may be more ordered and better controlled the surfaces misoriented from (100) by 2' toward
than layer-by-layer growth on singular surfaces, 10111. which produces terraces with an average
because we can choose the orientation and there- width of 20 atoms. The GaSh substrates were
fore the bonding nature of the surface steps. This cleaned with a standard de-grease sequence and
may be particularly important when forming in- etched in 1 HF:I H,O,:100 H,O for 2 min,
terfaces across which the relatively volatile anion while the GaAs substrates were used as received.
atoms are changed. All growth rates were approximately 0.3 mono-

t0022-0248/91, $03 50 '1991 |Ilscvuer Sience Publhshers BV (Niirth-|lilland)
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layers/s. The Sb 4 beam equivalent pressure (BEP)
was approximately I × 10 ' Torr, and the As,
BEP was approximately 2 x 10 6 Torr.

Fig. 2. Dark-field TEM micrograph of a 12 nm thick (Al.Ga)Sb
TSL grown on a 20 A-type GaSb substrate, which shows

3. Results and discussion variations in the TSL tilt angle-

We grew the (AIGa)Sb TSLs by sequentially the AISb and GaSb buffer layers. TSLs grown on
depositing approximately 0.4 monolayers (ML) of the GaSb substrates, with a 300 nm GaSb buffer
AISb and 0.6 ML of GaSb. To lower the tempera- layer grown at 510'C. were similar but exhibited
ture for AISb step-flow during TSL growth. we better uniformity than those grown on GaAs sub-
deposited the AISb by migration-enhanced epitaxy strates. The exact number of monolayers of AISb
(MEE) [3.41 (i.e.. by alternating the Al and Sb and GaSb deposited per cycle. p. for the different
beams), while we grew the GaSb by concurrent Ga TSLs in fig. I was 1.00. 1.01. 1.03, and 1.05 from
and Sb deposition. We found that in this growth top to bottom, as determined from the resulting
mode we were able to grow well-defined (AI.Ga)Sb tilt angles. The TSLs exhibit a high contrast be-
TSLs at substrate temperatures from 450 to 510'C. tween the AISb-rich and GaSb-rich regions, indi-
on both GaSb and GaAs substrates. Fig. I shows cating that these components are well separated,
a transmission electron microscopic (TEM) cross- but there is also contrast between the GaSh-rich
section of four 12 nm thick TSLs grown on a regions and the GaSh spacer layers, indicating
GaAs substrate at 490 0C after buffer lavers of 100 that the separation is not complete. Although
nm of GaAs (600 0 C). 50 nm of AISb (560(). and strain in the region of the dislocation seen in fig. 1
300 nm of GaSb (510'C) were deposited, in that makes TEM imaging in that area difficult, we can
order. We can see from the figure that even these see that TSLs formed, and therefore step-flow
relativel, thin buffer layers resulted in a fairls. giowth occurred, even very close to the disloca-
uniform surface, as manifested in the uniform tion.
periodicitv of the TSLs. This is surprising consid- An interesting feature of the (AI.Ga)Sb TSLs is
ering the 71r lattice mismatch between the GaAs that their tilt angle can var, wkith position. as seen
substrate and the (Al.Ga)Sb layers which results in fig. 2. This TI-M cross-section shows a 12 nm
in a high density of threading dislocations, and thick TSL grov, n a GaSb substrate after a 300
can be attributed to the smoothing properties of nm GaSb buffer was grown at 510°C. Careful

analysis of the local TSL thickness shows that the
changing tilt angles are due to a variation in the
local growth rate across the TSL. resulting in
varying p-values. The resulting variations in p are

much too great to be explained by inhomogeneous
strain or non-uniform adatom deposition. but must
rather be caused by a non-uniform redistribution
of the group Ill adatoms that occurs after deposi-
tion. Because step edges play a dominant role in
determining adatom distribution during step-flowgrowth. we might expect there to be a relation

between an area's growth rate and its step densit\.
Fig. I Dark-field TEM micrograph of 12 nm thick (Al.(iaSh Fig. 3 plots the p-value versus average step density,
ISts grown on 20 A-tpe GaAs substrate. ,rith p m.10). 1 0. for various locations of the TSL in fig 2. The
1 03. and 1.05 flop to hottom). the steps descend left to right. strong correlation between the two indicates that
rhe diagonal feature of the right side is a threading dlsat:a-
lion. reulting from the lattice mismatch due to growing on a p is greater in regions that contain more steps.

(iaAs suhstrate This sort of correlation, to differing degrees, was
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1.01,t ........... with InAs growth. we grew a corrugated-barrier

- 1.00. quantum well (CBQW) that consisted of a 20 nm

0.99 t  . wide InAs quantum well with 12 nm (AI,Ga)Sb
@- ""TSL barriers, as diagrammed in fig.4a. The aver-

0.98 .. age barrier composition was chosen to be 30% Al

5 0.97- (i.e. 0.3 ML of AtSb and 0.7 ML of GaSb de-
0.l9 - . . posited sequentially per cycle), so that any TSL

00.96.0.95 formation in the barriers would result in the
M 0well/barrier interface being alternately broken gap

0.941 b 1 6 18 (GaSb-rich barrier regions) and staggered gap
6 8t 12e 14t 16S 18 (AISb-rich barrier regions), which we felt might

Steo density (105 /CM, result in interesting transport effects. The struc-
Fig. 3. Plot showing the correlation between the average local ture was grown on a 20 A-type GaAs substrate.
step density at various locations of the TSL in fig. 2 and the

local p-value calculated from the TSL tilt, preceded by 50 nm of AlSb grown at 560'C and a
2.5 j~m thick GaSb buffer layer grown at 500'C.
The InAs well was grown at 500'C and the TSL

seen in all the (AI.Ga)Sb TSLs examined. This barriers at 490'C.
behavior and therefore the tilt variations can be It has been shown that to achieve high electron
explained if we consider two different models of mobilities in an InAs quantum well with AISb
step-flow growth. barriers, it is critical that the bottom barrier/well

In one extreme limit where diffusing adatoms interface be InSb-like [5]. To achieve this, we grew
stick to the nearest step edge. p would be inde- the bottom interface in the sequence 0.3 ML of Al,
pendent of terrace width, and the terrace widths 6s of Sb. 0.5 ML of In. 3 s of As. and then the
would eventually equalize, in contradiction both
to fig. 3 and to the actual appearance of the TSL
pattern.7

In the opposite limit, a model that assumes that 12nm
the adatoms are completely free to diffuse over I
distances large compared to the terrace widths and AISb
that the sticking probability of an adatom at a
step is the same at all step edges, would lead to a /
local growth rate that is simply proportional to the l2nm
local step density, a correlation far stronger than
what is observed.

Our data can be explained by a model between 2 ab
these two extremes, where some of the adatoms
diffuse over distances equal to several terrace 20 off(100) toward [011] GaAs
widths. Considering the bonding energies of AISb
and GaSb, and the analogous situation in the
(AI,Ga)As system, the adatoms diffusing over these
long distances are probably Ga. This result sug-
gests that to grow TSLs with less tilt angle varia-
tion, we need to grow them on a surface with a
more uniform step distribution, which may be
accomplished by simply growing a thicker bufferaccop e bFig. 4. (a) Schematic diagram of the corrugated-barrier quan-layer. turn well (CBQW) that we attempted. (b) Dark-field TEM

To demonstrate that step-flow growth in the micrograph of the corrugated-barrier quantum well di-
(AI.Ga)Sb system can be successfully combined agrammed in (a).
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remainder of the InAs well by concurrent In and the absence of any anisotropy might be related to
As deposition. After the InAs well was complete, the presence of the intervening dark layers in fig.
we had a growth interruption of 50 s with As on 4b, which may somehow shield the electrons in the
to smooth the InAs surface, and then we started well from the corrugations in the barrier. This
the top barrier with a 0.7 ML GaSb deposition. A point clearly needs more research, as does the
TEM cross-section of the resulting structure is understanding of the mechanism responsible for
shown in fig. 4b. We can see that TSLs formed in the high electron mobility. Of particular interest
both barriers, but they appear to be of lower will be the effects of different substrate orienta-
quality than TSLs shown in fig. 1. Aside from a tions and different interface growth sequences.
thicker buffer layer and a slightly lower Al con-
tent. the only difference in the growth of the
bottom TSL of the CBQW and the TSLs shown in 4. Conclusions
fig. I was the presence of a background As2
pressure of approximately 3 x 10' Torr BEP We have shown that AISb and GaSb can be
during the CBQW growth. which was unavoidable grown by step-flow and can be combined to grow
since As, was needed for the InAs well growth. tilted superlattices on 2* A-type GaAs and GaSb
We suspect that the presence of As2 on the grow- substrates, in spite of a 0.65% lattice mismatch.
ing surface may have interfered with the step-flow Lateral fluctuations in the tilt angle of the super-
growth and therefore caused the poor TSL quality, lattice are observed and are found to be caused by
In any case, a survey over the entire TEM sample a non-uniform adatom redistribution which is cor-
revealed no apparent degradation of the top TSL related with the surface step density. (AIGa)Sb
with respect to the bottom one, indicating that the TSL growth was also combined with InAs to form
InAs layer itself had little adverse effect on the a corrugated-barrier quantum well (CBQW) with
TSL formation. A puzzling feature of the micro- electron mobilities greater than 6 X 10' cm 2/V- s.
graph in fig. 4b is the appearance of dark regions and which showed no anisotropy relative to the
at both InAs/(AI.Ga)Sb TSL interfaces, which are stripe direction of the corrugated barriers.
visible over the entire TEM sample. We do not
know whether they are caused by strain, or are
due to a different compound, such as lnSb, having Acknowledgements
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1.1 x 1012 cm 2 at 2 K. Neither sample exhibited 1378.
negative persistent photoconductivity, in contrast 13] F. Briones. D. Golmayo, L. Gonzalez and A. Ruiz, J.
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Resonant tunneling in polytype InAs/A1Sb/GaSb heterostructures

K.F. Longenbach. L.F. Luo, S. Xin and W.I. Wang

Department of Electrical Engineering, Columbia University. New York. New York 10027. USA

Polvtype heterostructures of GaSb/AISb/InAs show interband tunneling due to the - 0.14 eV overlap of the InAs conduction
band and the GaSb valence band. This broken-gap configuration results in several novel mechanisms for negative differential
resistance (NDR) that have potential applications in high-speed devices. Double-barrier structures exhibit resonant interband
tunneling with high peak-to-valley current ratios due to the resonance enhancement of the tunneling current and the bandgap
blocking of the nonresonant current components. Using InAs as the base in a double-barrier polvtvpe heterostructure. resonant
tunneling at room temperature through a quantum well as wide as 110 nm has been demonstrated. Also. GaSb/IlnAs/AISb/GaSb
structures have exhibited interband resonant tunneling with peak-to-valley ratios as high as 20:1 at 300 K and peak current densities
up to 28 kA/cm2 . In addition to tunneling experiments, Ge and Sn have been shown to be well behaved p-type dopants for GaSb
grown b_ molecular beam epitaxy (MBE), exhibiting free acceptor concentrations as high as 2 x I0' and 5 x 10" cm 1. respectively.

1. Introduction observed p-type nature of Ge and Sn dopants in
GaSb as well as the absence of Sn segregation is

Negative differential resistance arising from attributed to the large covalent bond radius of Sb.
electron tunneling processes has been studied in- These dopants are important since they provide an
tensively for use in devices. The tunnel diode, excellent alternative to Be for p-type doping of
which operates via interband tunneling, has circuit MBE grown Sb based materials.
applications in the gigahertz frequency range. Res-
onant tunneling devices fabricated from quantum
wells have shown the potential for operation at 2. Double barrier polytype tunneling
terahertz frequencies [1-3], but have not yet
achieved adequate peak-to-valley current ratios at High peak-to-valley ratios are realized in inter-
room temperature. Recently, resonant interband band tunneling because handgap blocking is effec-
tunnel diodes were proposed [4-7] as a way to tive in suppressing inelastic as well as elastic tun-
combine features of both interband and resonant neling processes. Compared to a conventional
tunneling in one device. In this article we review double-barrier heterostructure, a polytype hetero-
some of the recent results of interband tunneling structure operates with a more nearly ideal peak-
in polytype heterostructures of GaSb/AlSb/InAs to-valley ratio. For example. we have observed
including both double-barrier and zero-barrier ex- peak-to-valley ratios for polytype heterostructures
periments. High peak-to-valley ratios are observed (GaSb electrodes/InAs well) more than three
in these devices since bandgap blocking is effec- times larger than those for the corresponding con-
tive in suppressing inelastic as well as elastic tun- ventional heterostructure (InAs electrode/InAs
neling processes. Furthermore, resonant tunneling well [8]. Interband tunneling in the lnAs/AISb/
via a confined state in a quantum well gives rise to GaSb system can be observed because of the
a large negative differential conductance, unique band alignment of these materials. As

In addition to tunneling devices grown by shown in fig. 1, the GaSb/AlSb valence band
molecular beam epitaxy (MBE), we have demon- offset is 0.4 eV while the GaSb/lnAs valence
strated p-type doping of GaSh by Ge and Sn. The band offset is about 0.5 eV [10,11]. InAs and

022-0248/,91/$03.50 ' 1991 - Elsevier Science Publishers B.V, (North-Holland)
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2.2 large resonant current will flow in the structure.
M Here the holes in the GaSb anode tunnel first
1.. through the AISb barrier to the quantum-confined

1.8 x)W eectron states in the InAs well and then through

8GaSb cathode. In the two-band model, it is the
0.14light holes that will couple to the electron states inv the well.

0.36 0.5 At higher bias, the valence band edge in the
S-anode drops below the confined state energy in

InAs, and the tunneling channel is cut off (fig.
lnAs AlSb GaSb 2b). The interband tunneling does not depend on

Fig 1. Energy band alignment for the InAs/AISb/GaSb. Ap- quantization effects. However, with thinner InAs
proximate values of the bandgaps and offsets are shown in eV. wells, the quantization of states in the InAs well

leads to large peak current densities.
In order to demonstrate this tunneling process.

GaSb thus form a broken-gap heterojunction. with we prepared samples by MBE on GaSb substrates
the InAs conduction band overlapping the GaSb [11]. A I ,im thick buffer layer of GaSb is grown
valence bapd by about 0.14 eV. first, followed by a GaSb electrode (1017 cm p

Therefore, in this material system. two polytype type). Then the quantum well structure is grown,
configurations are possible: InAs well with GaSb consisting of 2.5 nm A1Sb barriers and a 15 nm
electrodes, and GaSb well with InAs electrodes. InAs well. The top electrode mirrors the bottom
Both show improved characteristics compared to one, so that the structure is symmetric. A heavily
the corresponding monotype structure. However, doped GaSh cap layer completes the sequence.
for fabricating wide wells, the smaller effective The top contact metal is Au/Ge. which served as
mass material (InAs) is more desirable. To under- the etch mask in forming mesas.
stand the operation of these devices, a double-bar- The I- V characteristics of this structure at
rier structure as shown in fig. 2a is considered, room and liquid nitrogen temperatures are shown
The first confined state in the InAs well occurs at in fig. 3a. The valley is broad and deep, with a
about 40 meV for a well width of 15 nm. For peak-to-valley ratio of 62:1 at 77 K (13 : 1 at 300
applied biases less than about 0.14 eV. interband K) and a peak current density of 2.0 kA/cm, [7].
tunneling can occur across both barriers, and a The hysterisis in the characteristic can be ac-

.9 I

(a) (b)
Fig 2. Schematic energy band diagrams showing the operation of resonant interhand tunneling (a) and the handgap blocking at the

anode barrier b).
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Current (rmA) above 60 nin the peak values are reduced. Non-
300 K 77K etheless, resonant interband tunneling was ob-

served for 110 nm lnAs wells with low-tempera-
ture peak-to-valley ratios of 44:1 (fig. 3b). The

0 0 achievement of resonant tunneling in a \ery wide
quantum well has striking implications for poten-
tial three-terminal devices based on this phenome-

-500 .j -250 -. non. Compared to the GaAs/AlGaAs system,
1 0 11 0 1 InAs/AlSb/GaSb offers up to 20 times wider

Voltage (v quantum wells, about 5 times higher base conduc-

(a tivity, and the critical advantage of the availability
of good ohmic contacts.

Current (mA)

300 K 77 K 3. Zero-barrier polytpe interband coupling

bc 100In addition to the polytype double barrier
. 0. structures, large negative differential resistance at

room temperature has also been observed in
GaSb/lnAs/GaSb and InAs/GaSb/lnAs struc-

-100 . 1 -1000 tures and attributed to resonant interband cou-
-1 1 -1 1 pling [13-15]. These structures represent the zero

Voltage (V barrier thickness limit of double-barrier resonant

1b) tunneling experiments and exhibit large peak cur-

F-ig. 3. I I characteristics for double-harrier polytvpe hetero- rent densities due to the resonant coupling of
structures with a 2.5 nm barner and (a) a 15 nm InAs well and electron states in InAs with light hole states in
(h) a 110 nm InAs 'ell. Both de'ices are approximately 125 GaSb without a true "barrier" region. However.

gm diameter dots. peak-to-valley ratios lower than double-barrier
polytype structures are observed because in the
absence of AISb barriers complete bandgap block-

counted for by the series resistance which is on the ing does not occur.
order of a few ohms and is not present in devices Resonant interband tunneling has also been
of much smaller area. The large peak-to-valley observed in GaSb/InAs/AlSb/GaSb structures
ratio is attributed to the reduced valley current [16). These structures combine the high peak-to-
compared to conventional resonant tunneling di- valley ratios of double-barrier polytype structures
odes, in which a high density of transverse and high current densities of zero-barrier resonant
momentum states is available off resonance. In interband coupling devices. These devices demon-
contrast. excess valley current in interband tunnel- strate that even in the absence of one AISb bar-
ing arises from relatively rare defect levels in the rier. confinement of a quasibound state in the well
bandgap, or from higher order scattering processes. region still occurs and large resonant currents are

As noted previously, the small electron effective observed. Peak-to-valley ratios comparable to
mass of InAs allows for the fabrication of devices double-barrier structures are also exhibited since
with wide quantum wells. Thus. polytype struc- bandgap blocking occurs in one bias direction due
tures with inAs well widths from 15 to 110 nm to the presence of an AlSb barrier.
were grown and resonant tunneling I-V char- An equilibrium schematic band diagram of a
acteristics observed at room and liquid nitrogen GaSb/inAs/AISb/GaSb structure is shown in fig.
temperatures [12]. For well widths up to 60 nm, 4a. Under low reverse biases (right GaSb electrode
the peak current density is typically 2 kA/cm2: positive with respect to the left), a large resonant
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current will flow in the structure. Light holes in current is still able to flow through a barrier width
the right hand GaSb electrode couple with the consisting of the AlSb barrier and a triangular
quasibound electron state in the InAs well and portion of the InAs well.
tunnel through the AISb barrier into available hole Calculations based on the two-band model for
states on the left (fig. 4b). At higher bias (fig. 4c), asymmetric double-barrier structures with finite
the valence band of the GaSb anode moves below barrier thickness indicate that the forward reso-
the confined state energy in InAs and eventually nant current will be greater than in the reverse
below the InAs conduction band, thus cutting off bias direction However, valley currents in the
the tunneling current by bandgap blocking, forward direction will also be greater due to the

For low forward biases a large resonant current absence of complete bandgap blocking. Therefore.
will also flow as light holes in GaSb electrode an asymmetric cur.ent-voltage (I- V) characteris-
align with the quasibound state in the InAs well. tic is anticipated for these devices. Under forward
At higher biases the occupied hole states in GaSb bias an NDR feature similar to that exhibited by
move below the confined state, cutting off the GaSb/lnAs/GaSb structures is expected. How-
resonant current (fig. 4d). However, complete ever, the NDR feature in the reverse direction will
bandgap blocking does not occur and nonresonant resemble GaSb/AIStb/InAs double-barrier results

(a) (b)

(c) (d)

Fig. 4. (a) Schematic hand diagram of GaSb/,InAs/AISh/InAs structure at equilibrium. (h) Conduction at Io% re%,rse hia,.
(c) Cut-off due to handgap blocking at higher reverse bias. (d ('ut-off in the forward bias direction.
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0.0 0.0

-20.0 -0.6

-40.0 -. 2

-1.0 -0.5 0.0 -0.6 -0.3 0.0

(a) Voltage (V) (b)

Fig 5. The reverse bias region of the current-voltage characteristic for GaSb/InAs/AISb/GaSb structures with a 20 nm InAs well
and 1.5 nm AISb barrier at room temperature (a) and a 40 nm InAs well and 2.5 nm barrier at RO K (b). The device area is

10-6 cm -.

exhibiting a lower peak current density and a been the only available p-type dopant for GaSb
larger peak-to-valley ratio compared to the for- and other Sb based materials grown by molecular
ward bias direction, beam epitaxy. Alternative p-type dopants for GaSb

To demonstrate these ideas, samples of various are desirable since Be is highly toxic and has the
well and barrier widths were prepared by MBE problem of surface segregation at high doping
[11]. The reverse region of the current-voltage levels. We report here the first results of p-type
(I-V) characteristics of a device with a 20 nm doping of GaSb by the group IV atoms Ge and
InAs well width and 1.5 nm AISb barrier (fig. 5a) Sn. Typically, group IV atoms such as Si. Ge and
exhibit peak-to-valley ratios of 20:1 (40:1 at 80 Sn are well known amphoteric dopants of 11-V
K) with peak current densities as high as 28 compounds; they can incorporate on group IlI
kA/cm2 (35 kA/cm2 at 80 K) at room tempera- lattice sites as donors or on group V lattice sites as
ture. At these high current densities, these values acceptors. The site on which the impurity is incor-
represent the highest peak-to-valley ratio meas- porated depends upon the covalent radius of the
ured in polytype tunneling structures. Higher impurity relative to the host atoms and upon the
peak-to-valley ratios were demonstrated in similar relative availability of the two lattice sites. Usu-
structures consisting of a 40 nm well and 2.5 nm ally. the impurity will occupy a lattice site which
barrier (fig. 5b). A peak-to-valley ratio of 80: 1 most closely matches its covalent radius, since this
(17: 1 at 300 K) was measured at 80 K but with a will minimize the lattice strain and therefore the
peak current density of 1.2 kA/cm2 . The large free energy of the crystal. Roughly speaking, the
valley region of fig. 5b is indicative of the band- free energy does not increase much for incorpora-
gap blocking mechanism. Although not shown, a tion of an impurity on a larger lattice site, but
small NDR feature in the forward bias direction is increases rapidly with incorporation of a large
also commonly observed in low-current density impurity on a smaller lattice site. Thus impurities
samples. This feature as predicted exhibits higher will tend to incorporate themselves on a host site
peak current density and lower peak-to-valley larger than itself rather than one smaller than
ratios compared to the NDR feature in the reverse itself. Since the covalent radius of Sb is much
bias region. larger than Ga and As it is reasonable to expect a

different behavior for group IV impurities in GaAs
and GaSb.

4. Ge and Sn p-type doping of GaSb Typically, Ge and Sn will act as donors in
GaAs [17]. The covalent radius of Ge (1.22 A) is

In fabricating these tunneling devices the GaSb larger than that of As (1.18 A) and smaller than
electrodes were doped with Be, which to date has Ga (1.26 A). Therefore Ge will tend to occupy Ga
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lattice sites. In the case of Sn (1.40 A), its covalent 5[4 1 1 1 1

radius is larger than both Ga and As and therefore 3p

tends to occupy the larger Ga site in order to

minimize the strain in the lattice. The tendency of 2

Ge and Sn to occupy Ga sites is further supported - 1019

by the fact that more Ga sites are available since
MBE is an arsenic-rich growth process. However, C

0one difficulty associated with Sn doping in GaAs 5

is a segregation of the impurity on the surface 3

4) 3

[17.18]. This effect is partially attributed to the 0C
large covalent radius of Sn compared to both Ga 0
and As, which makes it difficult to squeeze itself

08into either host site. The result is a slow rate of . 0'8

incorporation and an cxcess accumulation of Sn <
on the surface. Therefore Ge and Si are favored as 5-

n-type dopants in GaAs.
Group IV impurities are expected to behave

differentlv in GaSb. Since the covalent radius of
Sb (1.36 A) is larger than Ga, group IV atoms

17

should tend to occupy Sb sites. A prior study by 88 90 92 94 9.6 98 100
Subbanna et al. [19] demonstrated that Si was a
partially compensated acceptor in GaSb. This be- lO 7 (K 'I

havior has been confirmed by us and we have Fig. 6. Free acceptor concentration in GaSh as a function of

further found that Si is actually highly com- reciprocal temperature for the Ge source.

pensated in AlSb. The high degree of compensa-
tion is observed because Si has a small covalent
radius compared to Al. Ga and Sb. and thus has 2 x 1019 cm - 3

. The samples also exhibit Hall mo-
little difficulty occupying either lattice site. Non- bilities slightly lower than our typical Be doped
etheless. in GaSb the results indicate that Si pre- samples, indicating a low level of compensation.
fers occupation of the larger Sb site over the more These results also indicate that although the cova-
closely matched Ga site. Ge and Sn should also be lent radius of Ge is slightly smaller than Ga and
acceptors in GaSb since their covalent radii are the growth is Sb rich, incorporation into the much
larger than Si and thus are even less likely to larger Sb sight is preferred. Thus. Ge acts similarly
occupy Ga sites. to Si but exhibits a lower level of compensation

To study these dopants, samples were grown by due its larger covalent radius.
MBE on (100) InP substrates [11]. GaSb layers of Compared to Si and Ge, the p-type nature of
1 pim thickness were grown and doped with either Sn is less surprising since its covalent radius is
Ge or Sn at a variety of dopant cell temperatures. much larger than Ga and comparable to Sb. Thus.
The layers were grown under an Sb rich environ- the occupation of the Sb site by Sn is clearly
ment at a substrate temperature of 500-550°C, favored. For Sn the free acceptor concentration
Unintentionally doped samples are typically p-type versus inverse cell temperature (fig. 7) is quite
of concentration 10 ib cm -3. Hall effect measure- linear with carrier densities up to 5 X 10 1 cm -3
ments were used to characterize the carrier density In addition to this well behaved acceptor nature of
of the samples. Sn, Sn does not appear to exhibit surface segrega-

The results of our Ge doping experiments are tion in GaSb as it does in GaAs. This conclusion
given in fig. 6 which shows the free acceptor is based upon RHEED observations during the
concentration versus inverse cell temperature. The GaSb layer growth. During the growth of un-
characteristic is linear with carrier densities up to doped GaAs, the surface reconstruction pattern is
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1019 AISb/GaSb structures. Room temperature peak-
Sn doped GaSb to-valley ratios as high as 20: 1 at peak-current

densities of 28 kA/cm2 have been observed. These
4 - results, in addition to the observed resonant tun-

neling in 110 nm InAs well devices, demonstrate
the potential for three-terminal resonant tunneling

E
_ device applications. Finally, results on Ge and Sn

1018
.2 doping in GaSb clearly indicate that they offer an

excellent alternative to Be for p-type doping of
C MBE grown GaSb and AISb. These materials are0o 3o) also important for infrared detectors and lasers
0 with wavelengths up to 1.7 pm.

< 10
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Studies of the tunneling currents in the InAs/AlSb/GaSb
single-barrier interband tunneling diodes grown on GaAs substrates

J.F. Chen, L. Yang, M.C. Wu, S.N.G. Chu and A.Y. Cho
A T& T Bell lahoratories, Murralr Hill. Ve" Jersev 0)7974, iSA

This paper studies the tunneling currents in the single-barrier lnAs/AISb/GaSh interband tunneling structures, with an emphasis
on correlating with the bandedge alignment. The WKB approximation combined with the -p two-band model are used to analyze
the interband tunneling currents versus the barrier widths to obtain the energy level in the AISb barrier through which the peak
tunneling currents occur. The obtained energy level (0.48+0.1 eV aboe the valence band maximum of the AISh) agrees with the
salence-hand offset between AISb and GaSh A good agreement of the measured peak voltages and the C- I data 'A ith the predicted
value, l-, the theor\ using a self-consistent Schrdinger- Poisson solver is obtained, \kith a value of 015- 0.2 cV for the InAs '(iaSh

hand oserlap.

1. Introduction tain the information about the handedge align-
ment.

The large conduction-band offset (between InAs
and AISh) and the band overlap (between InAs
and GaSh) have drawn the use of the InAs/ 2. Experimental
AISh GaSb material system in the application of
tunneling devices [1 -8] recently. Among these de- The structure of the InAs/AISb/GaSb tunnel-
vices, the InAs/AISb/GaSb single-barrier inter- ing device was grown on a n "-GaAs (100) sub-
hand tunneling structure utilizing this unique band strate in Riber-2300 molecular beam epitaxy
lineups offers flexible designs of the barrier thick- (MBE) [101 s\ stem. A buffer laver of a I tm thick
ness and the doping concentrations. The interband InAs (heavily Si-doped) was grown at 4(X) C
tunneling based on the InAs/AISb/GaSb material (growth rate of 0.5 tLm/h) with a comparable As
svstem was first studied by akaoka et al. [1]. to In flux ratio. After the growth of InAs buffer
Recently. Luo et al. [6] reported their observations laver, the substrate temperature was raised to
of negative differential resistance (NDR) at room 500°C and the whole diode structure was subse-
temperature in the lnAs//AlSb/GaSb interband quently grown. The n '-lnAs laver was doped by
tunneling structure. An improved peak-to-valley Si with a doping concentration about I X 10"
current ratio (PVR) of 4.5:1 with a peak current cm '. AlSb and GaSh were grown at 500' C and
density of 3.5 kA/cm at room temperature was a growth rate of 0.5 pm/h with beam equivalent
recently obtained in this structure [8]. In spite of pressure (BEP) iatio of Sb to Al or Ga about 3 : 1.
these achievements, the band alignments in this The undoped AISb laver had a relatively high
material system are still not completely under- resistivity on the order of 10' 2 cm found in a
stood 191. This paper reports our studies of the separate calibration. All the epitaxial laver thick-
tunneling currents in the single-barrier InAs/ nesses were precisely confirmed by the cross-sec-
AISb/GaSh interband tunneling structures by ex- tional transmission electron micrographs (TEM).
perimentally varying the barrier thickness to ob- All the grown samples show mirror-like surfaces

W1I22-024/9l/$03.50 1991 Elsevier Sience Publisher% B.V. (North-Holland)
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and smooth interfaces, even the growth started 0T

with a lattice mismatch of 7.2%.

3. lnAs/AISb/GaSb single-barrier interband tu- * ~ -

neling diodes j03

The band diagram of the single-barrier 10

InAs/AISb/GaSb tunneling diode with a small -

forward bias is shown in fig. Ia. Fig. lb shows 10'
typical room temperature I- V characteristics of
the devices (60 jum dots) with a 1.5 and a 5.0 nm7
thick AISb barrier, respectively. A distinct nega- 0

tive differential resistance. presumably due to the -

interband tunnelin g process as shown in fig. Ia.10 11_ j
with a PVR as high as 4.5 can be seen at the o 1 0 20 30 40 50 6~0

forward bias (G~aSh positive with respect to InAs). BARRIER WIDTH (-)

A peak current density, of 3.5 kA,//cm 2 was ob- Fig. 2. Dependence of the peak current densit% and the valle%

served for this device. The device with a 5 nm current densit ' at room temperature on the harrier width. The

thick AISh barrier showed a rectified characteris- solid line represents a best fit to the experimental peak cur-

tic. Conductan.-e plot showed a shoulder with a
current density of 1.68 A/cm' (PVR = 2 at 77 K).
This relatively low peak current density, was due ture as a function of the AISh harrier widths. The
to the reduction of the interband tunneling prob- values of the peak current density shown in fig. 2

abilit\ b\ the thick AISh barrier lawer. display an excellent exponentia, dependence on
the AISb barrier widths. This behavior suggests.

3.1.The /fres ofI/Nhharrer wdththe usage of the Wentzel Kramers- Brillo'iin
(WKB) approximation [111 for the turnelng prob-

Fig. 2 shows both the peak current densities ability. According to our calculation. at the peak-
and the .alle\ current densities at room tempera- current bias condition, the potential drop across

a

200 -- -
XI

0 5ev

(CI

C1  1U

036eV 0 I 200 __

-0 05 0 05 10

7r.s AS SCVOLTAGE (V)

Fig 1, (at The hand diagrams of a lnAs,'.AlSh7 GaSh single harrier tuntneling diode at a hias, of W.)2 V. Ib) [he current soltage

characteristics of a tunneling diode 160) gm diameter dots) with a 1.5 and a 5.01 tn AISh harrier. respectivels.



J.F Chen et at / Tunneling currents in InAs IAhSb, GaSh single-harrier interhand tunnehng diode. 661

the AISb is very small (for example, 0.012 eV 030i

across a 0.8 nm thick barrier). This small potential MEASURED

drop across the AISb allows us to use a constant -CALCULAT

effective wave vector in the WKB approximation. 0 25 -
To obtain the energy level in the AISb barrier 2

through which the peak tunneling currents occur,
we use the dispersion relation using Kane's k .p 0 2:)

two-band model [12]. The direct bandgap of the >

AISb (2.22 eV for the F valley) was used in this
calculation. Because the tunneling energy level is t 015 0 2 ev0
close to the valence bandedge of AISb, the value >
of the light hole mass of AISb (m* = 0.11m,) was
used for the effective mass [13]. By using the slope oo
of JP versus LB as the effective wave vector, the
value of E, thus obtained was -1.74 + 0.10 eV 0 i ev
(or 0.48 + 0.10 eV above the valence band maxi- 0 05-
mum of the AISb). This value agrees with the 0_13 .
valence-band offset (0.40 ± 0.15 eV) between AISb

and GaSb obtained by X-ray photoemission meas- 0
urement [9]. While this method may not be the 0 1 2 3 4 5 6

best way to determine the valence-band offset BARRIER WIDTH (nm)

between A1Sb and GaSb. our result indicates: (a) Fig. 3. Dependence of the peak voltage on the barrier width for
of the peak several different values of hand oserlap between InAs and

that the experimental dependence oa (aSh. The experimentally measured peak voltages iopen
current on the barrier width suggests the usage of circles) lie hetmeen the curves of 0_15 and 0.2 eV for the hand

the WKB approximation for the tunneling prob- oserlap between InAs and GaSh.
ability: (b) the application of Kane's k -p two-
ban I model in calculating the wave vector of the
tunneling carriers.

plotted as open circles in fig. 3. It can be seen that
.. 2, The effects of barrier widths on peak voltages the measured peak voltages lie between the curves

of 0.15 and 0.2 eV for the band overlap between
The peak voltage (voltage value at which peak lnAs and GaSb. This value of the band overlap

current is observed) was measured for each device agrees with the value (0.15 eV) reported in ref.
and compared with the predicted values. As a [14]. Considering the difficulties in obtaining the
function of applied voltage, the band bending and intrinsic peak voltage, agreement between the in-
the associated quantum states are obtained by trinsic peak voltages and the cut-off voltages
solving the Schr6dinger and Poisson equations calculated by using a value of 0.15 eV as the band
self-consistently. The detailed numerical calcula- overlap was obtained.
tion can be found in ref. [7]. When the first
subband of the electron in the InAs accumulation 3.3. C- V measurements
region begins to exceed the valence band of the
GaSb layer, a cut-off of the interband tunneling The low conduction of the tunneling diode with
process occurs. The predicted cut-off voltages as a a 5 nm thick AISb barrier layer permits an accu-
function of the AISb barrier widths are shown in rate capacitance-voltage measurement. The meas-
fig. 3 for different values of the band overlap urements were performed with frequences of 130
between InAs and GaSb. The experimentally MHz, 400 MHz, and I GHz, and almost identical
measured peak voltages for each sample, after capacitance-voltage curves were obtained. Fig. 4
subtracting the parasitic resistance drop. are shows that in the forward bias condition. the
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30 4. Summan

The tunneling currents in the InAs/AlSb/GaSb

single-barrier interband tunneling structures was
20 studied experimentally. We summarize our results

UJ ,follows: (a) The experimental dependence of
the peak current on the barrier width suggests the
usage of the WKB approximation for the inter-

- band tunneling probability. (b) By using Kane's
I k .p two-band model in calculating the wave vec-

- EXPERIMENT tor of the tunneling carriers, the energy level in the
THEORY AISb barrier through which the peak tunneling

currents occur was obtained. The energy level
0 .- (0.48 ± 0.10 eV above the valence band maximum

of the AISb) corresponds to the valence-band off-PPEDVOLTAGE (V) set between AISb and GaSb. (c) The experimen-
Fit 4. The measured - ) and calculated (*) capaei- tally measured peak voltages agree with the pre-
tance-Noltage characteristics. The calculation was done using a
Schr dinger-Poison solver. The carriers with a sheet con- dicted cut-off voltages calculated by using a value
centraton of 3.7), 1012 cm - accumulate at the interfaces at of 0.15 to 0.2 eV for the band overlap between

0.6 v. InAs and GaSb. (d) Good quantitative agreement
between the measured C- V data and the calcu-
lated results was obtained, using a value of 0.15
eV for the band overlap between InAs and GaSb.
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Interband tunneling in InAs/GaSb/AISb heterostructures

D.A. Collins. D.Z.-Y. Ting. E.T. Yu. D.H. Chow, J.R. SCderstrbm *. Y. Rajakarunanavake
and T.C. McGill
Thomaos ti at ... n. Sr.. Lah,ratorv 'f . ppled Phrill s. ('alh ornta Institute ,4 Te(hnult.sv. Pasadlet. (CahlOrma V1125. L S,4

We report the experimental obers.ation of negative differential resistance (NDR) at room temperature from a ,tructurc consisting

of a ingle lnAs,(n) (;aSh p) interface. The peak current densities ranged from 4.2", 10' to 8.0 x 10" A, cn' depending on h(m the
structure i, doped. The mechanism that causes the NDR is similar to that of an Faki tunnel diode. We have also ohser'ed NDR at
room temperature in a second class of no\el devices. These structures consist of a thin lover of AISh displaced from a single
InA,(n (aSh(p) interface. NDR with peak current densities greater than 1.6 x 10' A crn- is seen in these ,tructures. We attribute
the increase ii peak current densities with the addition of the AISh barrier to the formation of a quasi-bound state bet'wseen the \ISb
i\er and the InAs (jaSb interface. This quasi-hound state forms either in the conduction band of InAs or the valence hand of

GaSh. depeiding on k hCre tile AISb harrier is placed and leads to a resonate enhancement (if the current in the structures.

1. Introduction but with peak current densities of between 10
and 10' A/cn (compared to < 10' A/cm for

Quantum mechanical tunneling in semiconduc- Esaki diodes [21). These devices can be realized
tors as well as negative differential resistance because of the unique staggered band alignment
(NDR) were first demonstrated in forward biased of InAs and GaSb in which the conduction band
Fsaki diodes which consist of a degenerately doped of InAs is 150 meV below the valence band of
p -njunction [1. The discovery of NDR generated GaSb [4]. A schematic representation of the
a tremendous amount of interest and research into InAs/GaSb band alignments, which is strongly
Esaki diodes since they can be used to fabricate reminiscent of the band structure of an Esaki
amplifiers, oscillators and high speed switches [2]. diode, is shown in fig. Ia. Because ef this staggered
Although Esaki diode amplifiers have been built band alignment a layer of GaSb(p-) grown on
that operate at frequencies as high as 85 GHz. lnAs(n' ) will show NDR due a mechanism simi-
thc,, have two important weaknesses: their small lar to that of an Esaki diode. Such devices. which
current densities limit them to much lower output we call heterojunction Esaki diodes (HED), have
powers than Gunn-effect or IMPATT diodes, and been grown and show NDR at room temperature
their large junction capacitance limits them to with peak current densities ranging from 4.2 x 104
much lower frequencies than InAs/AISb double to 8.0 x 104 A/cm depending on how the struc-
barrier diodes which can be made to oscillate at ture is doped.
fundamental frequencies greater than 700 GHz We have also grown a second class of novel
[31. structures, which we call resonance enhanced het-

In this work we report on a group of novel erojunction Esaki diodes (REHED). which corn-
devices which show room temperature NDR due bine favorable aspects of the HED with those of
to a mechanism similar to that of an Esaki diode double barrier diodes. The structures consist of a

thin layer of AISb displaced from a single
InAs(n)/GaSb(p) interface. Schematic band-edge

Present address: Department (if Physics. Chalmers Utniver- diagrams of these heterostructures are shown in
,its of Technology. S-41296 Gtehorg. Sweden, figs, lb and Ic. These devices also showed NDR

(X)22-0248 .91 103.50 11991 -- Elsevier Science Publishers B.V. (North-Holland)
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a GaSb (p) strates in a Perkin-Elmer 430 molecular beamn
Ec ______ Insi) ---- -- epitaxy system equipped with cracked Sb and As

--~ --- sources. The details of the crystal growth have

been reported elsewhere [5]. Elemental Si was used

b to dope the InAs electrodes n-type (n z=2 )< 10'"
: ~ cm 3)and the (jaSh p-type ( p 5 x 1'~ cm )

GaSb (p) [6]. 100 A undoped spacer layers were grown on
E,----- ---- C each side of the lnAs(n)/GaSh(p) interface ir

E _~~A "s(f) - W sample I- there were no undoped spacer layers in
sample 2. In samples 3. 4 and 5. the AISh lavers.
quantum wells, and an additional 100 A spacer
lavers on the InAs sides of thle active regions w\ere

_GaSb (p) After growkth. device mesas 6 yrm in diameter
tn~~~ x~~\ere fabricated using photolithogrp, an e

E,-Ins(n------- etch. The etch was stopped in thle InAs epila~er so
that no current flowed through the (GaAs sub-

Position along growth axis. strate. Au 7C/c wkas used to make ohmic contact to
Sthe individual devices. Current -voltage (I-[')

Ii ISchcmA ti haid edge dtiagrair (neglectint hand hend- curvecs w ere measured at room temperature and '77

the'trciue' rim t~ir hin'du>.K b, probing the mnesas with a thin gold w\ire.

at room temperature w ith peak current densities
icreater than 1 0' A, cm'. We attribute the increase 3. Results
in peak current densities with the addition of a
thin -\]Sb barrier to the formation of a quasi- [hie dashed line in I ig. 2 show.s a representative
bound state betwecen the InAs, GaSh interface I V curv es for the HElD structure (see fig. la)
anld thle AISb layer, which leads to a resonant wAithout undoped spacer layers at the heterointer-
enihancemnent oif the deviccs Current, face. Both HI-D structures show NI)R at room

temperature with peak current densities greater
than S.2 x 10" (4.0 x 10) A, cm2 for the tiru]C-

2. E~periniental ture wxith (without) Undoped spacer la ' ers at the
heterointerf ace. The HEI)'s I V cujrves are virtu-

In table I sNe gi~ e the layer sequences and all\ unchanged when measured at 77 K. which
thic:knesses for thle samples grown for this studv. indicates that thernilonic emission plays only a
Fihe samiples studied %kere grown on GaAs sub- minor role in thle large valley current. Thie oh-

1.bte I
Ix tci nequeince, fo r the 'imnple,

Sa mple Ba nd Peak it rrenl t t \r sequene
itumither diagr~ani den'.t m-

I- hit la 4 2 lo. Ifl,*sin) ',iShtp

1 1I 11, t ,t6' it titAqn),(GaSbt5I At AISHt 12 A0 (uaShtp

I FIg tC (,- tlo' InAsoin AtSht2t A) InAM 120 ),t (aSh(p

I g. te Nit N 1)R tnAstnl,, AtSht2t A tflAsI75 A), (iaiShtp
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200 promise for the fabrication of high speed devices.
... Sample 2 The intrinsic upper limit of this structure's oscilla-

1Smple 3 tion frequency will be determined by the transit
160 S time across the heterointerface and the inherent

frequency response of the materials, as well as the

7 1202 device's RC time constant. Furthermore. because
- this device can be grown without undoped spacer
.2" layers, limiting processes such as transit time de-

80 j lays across depleted regions which can be im-
portant in conventional double barrier hetero-
structures will be eliminated in this device [7].

40 - In fig. 2 we compare typical I- I' curves for
/ .samples 2 and 3 (see table 1). The solid curve is

/ for the REHED structure (see fig. lb) and the
0.2 dashed curve is from the previously discussed HED

structure (see fig. la). As the data show, the struc-
Vo,tcge C Vos) ture with the AISb barrier is more conductive with

Iig 2 -I curses for samples 2. a lIED structure tdashed a peak current density of more than 1.6 x 10"
linc and 3 REIIFI) structure (solid line.) The enhanced A,/cm2 . This unintuitive behavior can be under-
current dcnsit% in ample 3 is consisteni with resonani tunrel- stood b, examining the transmission coefficients

in,, %1,1 A quasi-hound ltate in the GaSh quantum soeell.
of these structures. Fig. 3 displays transmission
coefficients for samples 2 (dashed line) and 3
(solid line), calculated at flat band conditions using

sersed temperature stabilitN of these dekices be- a two-band model which incorporates electrons
tvween 77 and 300 K is similar to that of conven- and light holes [8]. The InAs conduction band
tional Esaki diodes [2].

The results for the REHED structures, whose I
schematic band edge diagrams are shown in figs.
lb and Ic are more complicated. Both types of Sample 2

REHED structures showed NDR at room temper- 0.8 -- Sample 3

atire with peak current densities ranging from -
6.7 < 10' to 1.6 x 10' A/cm depending on the U

thickness of the AISb layer used. These structures 0 6

also shoW a strong dependence of the peak current U
density on the distance between the AlSb barrier
and the inAs/'(aSb interface. In fact. if the sep- 0.4 - - -
aration is too small, no NDR is observed. The ,
qualitative behavior of both variants of the RE- ?

1IED can be explained by the existence of a 0.2

quasi-bound state as will be shown in the discus-
slo n sectio n . - -

0

0 0.05 0.1 0.15

4. Discussion Energy (eV)

Fig 3. Transmission coefficients for samples 2. a IfFD siruc-
lure (dashed line), and 3. a RFHFt) structure (solid line).

Because the NDR observed in HED structures calculated ai flat hand conditions. using a i, o-hand model
(see fig. la) is not associated with a quasi-bound w hich ,ncorporates electrons and light holes. The InAs conduc-

statc, which mav have a long lifetime. they hold ton hand edge is taken to he the zero of energ,.
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edge is taken to be the zero of energy. The calcula- (solid line) and 5 (dashed line). The only dif-
tion shows that sample 3 possesses a broad reso- ference between them is the width of the InAs
nance. in the region between the InAs conduction well. As th, figure shows for a narrow well there is
band and the GaSb valence band, which peaks no NDR present in the structure. This can be
well above the maximum transmission probability readily explained since our calculations show that
for the HED structure. The calculation indicates for a 75 A InAs well the confinement energy of
that a quasi-bound state forms in the region of the the quasi-bound state pushes it above the valence
crystal between the InAs/GaSb interface and the band edge of the GaSh. As a result, this resonant
AISh harrier in sample 3. leading to resonant level is unavailable to electrons tunneling across
tunneling of carriers across the structure. The for- the structure leading to a quenching of the NDR,
mation of a quasi-bound state in the REHED This demonstrates the diode's sensitivity to the
structure. as indicated by the calculation, is con- exact placement of the AISh barrier, as well as
sistent with the experimentally observed enhiance- that resonant interband tunneling can be observed
ment in the peak current densit,. with the AISb barrier placed on either side of the

As a further demonstration of the tunneling InAs/GaSh interface. A more detailed study of
mechanism described above, we grew structures the REHED structure is being published elsewhere
correspondirg to the hand edge diagram of fig. Ic. [91.

In these samples. a quasi-bound state will be
formed in the InAs quantum well due to the
confinement of the AISb barrier and the partiall\ 5. Conclusions
reflecting InAs, GaSb interface. The current den-
sities in these Namples are smaller than those in In conclusion. \c have demonstrated three
sanple 3 due to the thicker AISb barrier (see table novel variants of the Esaki diode: HEDs ikhich
I). In fig. 4 we Nho / 1V curves for samples 4 consist of a single InAsqn),/(iaShlp) interface and

two types of REHED structures consisting of a
thin AISb barrier displaced from a single InAs(n).,
GaShbp) interface. The operation of these struc-

wide well tures is dependent on the unique staggered band
(sample ) alignment of InAs and GaSh as shown in fig. Ia.
narrow well The mechanism that gives rise to NDR in these
(samnple 5)

structures is similar to that of an Esaki diode. For

10-', devices consisting of an InAs(n)/GaSb(p) inter-
face we observed peak current densities rangingE
from 4.2 x 10-a to 8.0 x 10a A/cm' depending on
how the structure is doped. We have also observed
NIDR at room temperature in a novel class of
devices consisting of a thin AISb harrier displaced
from an InAs/GaSb interface. In structures with
the thinnest AISb barriers we observed peak cur-
rent densities of 1.6 x 10' A/Icm which is larger
than in devices without the AISh harrier. We also

0 . found that the device's / - I characteristics were
0 0.2 0.4 0.6 0.8

extremely sensitive to the placement of the AlSb
Appli,,a 8ias (vols) harrier. This sensitivitv as well as the enhance-

I ig 4 i I cur'sc, focr samples 4 and S ,ho\,ing the dramatic nent in the peak current density is consistent with
ofett that the separatlon hetveen the A'lSh hrrier and the the formation of a quasi-hound state in the region
In,A (IaSh inerface has (in dece performanc the solid t
dahedh line ccrrespinds to a ,truclure %ith a 120 A 75 A) of the crystal bounded by the InAs/GaSb inter-

InAs quan(urn %,cll, face and the AISb barrier laver.
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MBE growth of GaInAsSb/A1GaAsSb double heterostructures
for infrared diode lasers

S.J. Eglash. H.K. Choi and G.W. Turner
Louoin Laboratory. M.ssahusetis Institure of Technolohi Lexington. Massachusetts 021 '3-V l08. LSA

Ior the fabrication of diode lasers emitting near 2.3 pm. molecular beam epitax, has been used io grom double heterostructures
consisting of a (a, 54ln, Ay,, Sb,, active laer and Al,(ia ., ,a Sh,,, confining laers lattice matched to a (;aSh
,ubstrate. Because the sticking coefficient is much greater for Sb than for As. high concentrations of Sb can be incorporated into the
allox laxers esen though the A, flux during growth is much greater than both the Sb flux and the total group [if flux. the n- and
p-tx pe dopani ource, were Gale and Be. respectisel,. The lasers hae threshold current densities as Io\% as 1.5 kA cm -. differential
quantum efficiencie, as high as 5U0'. and pulsed output po%%er as high as 900 in\\' per facet.

1. IntrMuction ing low-loss fluoride-based fib.s, laser radar ex-
ploiting atmospheric transm...ion windows. re-

l)cvelopment of efficient semiconductor diode mote sensing of atmospheric gases. and molecular
lasers tith a specified emi.ssion wavelength re- .speclroscopy. Furthermore. nmeasurements of laser
quires the availability of an active layer material performance could help to elucidate the band-
having the appropriate bandgap together with high structure dependence of loss and absorption
radiative recombination efficienc and low optical mechanisms such as Auger recombination ad
absorption. and also confining layer material hay- free-carrier absorption.
ing a larger bandgap and smaller refractive index Heterostructures composed of GalnAsSb active
than the active laer. In addition, it must be lavers and AIGaAsSb confining layers lattice
possible to dope the confining laver material both matched to GaSh substrates meet the basic re-
n and p type. For alloy materials, accurate com- quirements for efficient diode lasers. As shown in
position control is necessar\ to obtain uniform fig. 1. where the bandgap is plotted against lattice
la ers having the desired bandgap and lattice con- constant for a number of Ill V alloys, lasers
srant. Control of the lattice constant is important incorporating these materials can potentially pro-
because excessive lattice mismatch produces a high vide room-temperature emission from 1.7 to 4.4
densit\ of dislocations, which are detrimental to -tin [1,21. Room-temperature cw% operation at
laser performance. wvvelengths from 2.0 to 2.3 ym has been reported

The onh efficient, long-lived diode lasers [3.4] for GalnAsSh/ AIGaAsSh double-hetero-
fabricated to date utili,.e GaAs,. GalnAs. or Al structure lasers grown by liquid phase epitaxy on
GaAs active layers grown on GaAs substrates for (iaSb substrates. and pulsed room-temperature
emission from 0.8 to 1.1 pm. and GalnAsP active operation has becn demonstrated for such laser.,

layers on lnP for emission from 1.1 to 1.6 [tm. grown by molecular beam epitaxy (MBE) [5.6].
Iligh-performance diode lasers with emission We have used MBE to grow lasers of this type
"avclengths in the range from 2 to 5 pm would be emitting at 2.3 pm with threshold current density
of both practical and fundamental interest. Such .1, as low as 1.5 kA cm 2. differential quantum
lasers would be useful for a variety of applica- efficiency rqd as high as 50"i. and pulsed output
tions. including optical communications employ- power as high as 900 mW per facet. This .1, value

X,22-u'4S 91 $0350 ' 1991 Elsesicr Science publishers .N. North-tiolland)
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1.0 -E

Ga-
S0.5 
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LATTICE PARAMETER (A)

Fig. 1. Bandgap versus lattice parameter at 300 K for selected Ill-V allovs.

is equal to the lowest reported previously for where the F' s are the bowing parameters of the
CGalnAsSb/AlGaAsSb diode lasers [3]. The q,, indicated ternary alloys [2]. To avoid the forma-
and output power values are the highe lt reported lion of misfit dislocations, it is necessary for the
for the room- temperat ure operation of diode lasers active and confining layers to be matched to GaSh
emitting beyond 2 Am. In this paper we discuss to within Aaa,.,h 10 'or less [7]. where la =

the MBE growth procedures that have been used a~p - a,,,,' and a~p and a,. are the lattice con-
to achieve these results. stants of the epitaxial laver and substrate, respec-

tively. For Ga, In, - ,As, Sb, alloys that are
lattice matched to GaSh, application of Vegard's

2. Quaternary alloy compositions Law, gives

In the present work we chose to develop Y 0.91 (1 -- \:)/(I + 0.05.v). (2)

GalnAsSb/AGaAsSb lasers with an emission
wavelength of 2.3 Am at 300 K. For a quaternary
alloy, the composition dependence of the band- 0

gap. Eg(x. y), is given by an expression that 3000
represents a weighted average of binary bandgaps 1 00

and ternary bowing parameters. For Gajn1  080As~~~1  20ti epesini 0 60>
0. 050

0

AXVE.(6.11%. + (I x)yv nA 40 030

+ X1( -yvE.,s 50 ________________025

(1-)(- )E 0 2 4 x6 8 1 0
g.In~hIfAs0.91Sb0.9 GaSb

+ X( I - X)j o n + (I Y ) ro;.i 1"Shl 0.91 (1 -X)/(l 4 0.05X)

() Fig. 2. Bandgap versus .x in Ga, In I ,AsSh 1  alloys lattice
+ Y -V(iAS+ X) InASh matched to GaSh-

(1- x) 'h
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The solution of eq, (1) subject to this condition nants. At this point a sharp. group-V-stabilized
gives a function relating E. and x for the diffraction pattern could generally be observed
GalnAsSb alloys that are lattice matched to GaSb. by reflection high-energy electron diffraction
This function is plotted in fig. 2. The calculated (RHEED).
lattice-matched composition with E. correspond- The sources used for MBE growth were the
ing to 2.3 p.m is Ga 3 4 ln 0 1 6Aso 14Sb. 86 . The com- group Ill and group V elements, which yielded
position must be maintained to within 1% of these beams of Al. Ga, and In atoms and of As4 and
values to achieve Aa/a, < 10- 3 and AE8 < 0.01 Sb4 molecules. In all cases the As flux was much
eV. larger than the total group Ill flux. At the sub-

Although GaSb has a larger bandgap than strate temperatures employed in the present work.
Ga3 54 1no.(,Aso 14SbO. 6 , GaSb is not a satisfactory the group III elements have sticking coefficients of
material for the confining layers of diode lasers approximately unity. and the growth rate is de-
with this active layer composition, because the termined by the total group III flux. The individ-
valence band offset is too small to provide suffi- ual group Ill fluxes were calibrated by measuring
cient confinement of holes and because the refrac- the frequency of the RHEED intensity oscillations
tive index of GaSb in the vicinity of 2.3 pm is not [8.9] observed during the growth of test layers of
small enough to provide good optical confine- GaSb. AISb. and InAs.
ment. The addition of Al increases the band off- The calibration of the group V fluxes is more
sets and decreases the refractive index. Even for difficult because these elements do not have unit,
moderate Al concentrations, however, the lattice sticking coefficients under typical growth condi-
mismatch between AIGa ,Sb and GaSb at 300 tions. The effective Sb flux incorporated on a
K. .a/ah = 6.5 X 10 'x. is too large to be Ga-rich surface. J,*. was determined from the
accommodated elastically in the thick confining frequency of the RHEED oscillations observed
layers required for diode lasers. (This mismatch is during growth of GaSb under Sb-limited condi-
five times larger than in the AIGaAs/GaAs sys- tions [10.11]. The result of this measurement was
tem.) The incorporation of small concentrations of consistent with a determination of the minimum
As yields AlGaAsSb alloys lattice matched to Sb flux necessary for growing GaSb layers with
GaSb. For the present work we have chosen con- good surface morphology. Calibration of the As
fining layers of Al,3 , Gaj,,As,,Sb,,,. The Sb flux was unnecessary because the absolute magni-
content must be maintained to within 1.4% of this tude is not critical under the excess As conditions
value to achieve .a/a,,h < 10 . used in the present work.

3.2. Measurement and adjustnient of alloy composi-

3. Experimental procedure tions

The initial conditions used for Ga,ln ,As,

3.1. Growth andflux calibration Sb, , and AlGa ,AsSb, , growth were
established in the following manner. The group Ill

Layers were grown on commercial Te-doped fluxes were chosen to yield the desired Ga/In or
n-GaSh and semi-insulating GaAs (100) sub- Al/Ga ratio and a growth rate of approximately I
strates. The GaAs substrates were used for grow- pm h '. An As beam-equivalent pressure of ap-
ing test layers for electrical measurements, while proximately 4 x 10 " Torr was used. to give a
the GaSb substrates were used for the other test large excess As flux. The effective Sb flux. J5,.
layers, as well as for the laser structure. The was set at (I -. vJ 11J. where YJ 1 is the total
substrates were cleaned in solvents and etched, group Ill flux. Because Sb is incorporated more
mounted with In on 75 mm Mo holders, loaded readily than As [12]. the efficiency of Sb incorpo-
into a Varian Gen II modular MBE system. and ration is expected to be high even in the presence
heated in the presence of the appropriate group V of a large As flux. Layers grown under these initial
flux to desorb surface oxides and other contami- conditions were characterized as described below.
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the fluxes were changed to adjust the composition. 1 00-
and additional layers were grown and char-,,
acterized until the desired bandgap and lattice S 75 1" 75 •. 0 GalnAsSb
constant were obtained. , AiGaAsSt

The approximate bandgap of the GaInAsSb Z
test lavers was obtained from the peak wavelength ,

1. 50. J' t iJ,

of the photoluminescence spectrum measured at o
4.2 K. using the 647 nm line of a Kr ion laser with 2

a power density on the sample of approximately ,

600 W cm 2. a SPEX 0.5 m spectrometer, and a
PbS detector cooled to 77 K. To determine the o o

lattice constants of both the GalnAsSb and Al J!J. (Effective Atomic Flux Ratio)
GaAsSb layers, the lattice mismatch between these Fig. 3. Antitnon} content I1 - ) of (ia ln ,ASh 1  and
lavers and the GaSb substrate was found by dou- AI,Gal -.As,Sbl , allows versus effective Sh flux Js,* normal

hle-crystal X-ray diffraction measurements, using ized to total group Ili flux The dashed line shoAs the %alue,

a GaSb first crystal, of the (400) reflection. The that would be obtained if tne Sb incorporation effictencN 'Acre

alloY composition was measured by Auger elec- the same as the value for Ga-rich GaSh.

tron spectroscopy. as calibrated by Auger analysis
of AISb. GaSb. and GaAs layers and also of a
thick GalnAsSb test layer whose composition had
been determined by electron microprobe analysis.

For the GalnAsSb test layers, the composition (1 - x ) is equal t,, the ratio of the Al and Ga
was calculated from the measured photolumines- fluxes. This assumption is supported by the ob-
cence wavelength and lattice mismatch by using servation that the growth rate calculated from the
eq. (1) for the bandgap and Vegard's law for the total group Ill flux was equal to the value de-
lattice constant. The ratio of the Ga and In fra'- termined by cross-sectional thickness measure-
tions calculated in this wax. as well as the ratios ments. The three AIGaAsSb points in fig. 3 that
obtained by Auger analysis. are in good agreement fall on a solid straight line were obtained for
with the ratio of the Ga and In fluxes. The growth layers grown in runs with nominalls. the same As
rates determined by cross-sectional thickness flux and substrate temperature. These runs were
measurements are in agreement with the rates the ones used to establish the conditions for grow-
calculated from the Ga and In fluxes by assuming ing the confining lavers of the laser structure.
that these elements are incorporated with unit, The results plotted in fig. 3 demonstrate that
efficienc. Fig. 3 shows the measured Sb content substantial Sb concentrations can be obtained even
(I - t) of a number of Ga, In ,As, Sb ,lavers in the presence of an As flux that is much greater
as a function of Js*, normalized to the total group than the Sb flux. The dashed line in fig. 3 shows
Ill flux. The scatter in the data can be attributed the values of (I - I-) that would be obtained if the
to the dependence of Sb incorporation efficiency Sb incorporation efficiency were the same as the
on As flux and substrate temperature which were value for Ga-rich GaSb. The experimental values
not the same in all the runs. The four points for (I - v) fall below this line. indicating that
falling on the solid straight line in fig. 3 were some additional Sb desorption occurs in the pres-
obtained for layers grown in four runs with nomi- ence of a concurrent As flux. Furthermore. the
nail, the same As flux and substrate temperature. very weak dependence of (1 - v) on Js,* exhibited
These runs were the ones that led to successful by AIGaAsSb indicates that the Sb incorporation
growth of the active layer in the laser structure. efficiency is reduced even further when the As flux

For the Al,Ga, As, Sb , layers, the value of is large and (I - v) is close to unity. These results
(I - v) was determined from the measured lattice are consistent with those obtained for GaAsSb bv
mismatch, on the assumption that the ratio of x to other workers [12- 141.

i h. ... .
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4. Impurity doping and transport properties 5000
300K

Nominally undoped layers of GaSb and Al 4000

GaAsSb are p type. Silicon is commonly used for
n-type doping of Ill-V semiconductors grown by > 3000 •
MBE. but neither Si 113] nor Sn [12] is a donor in Eo

GaSb and AlGaAsSb, so the group VI elements S. 2t- 2000
Se. and Te are used instead. In this work. the .3
impurity used for n-type doping was Te provided 0
by the sublimation of GaTe [15]. The p-type 1000

dopant was Be. which is conventionally used in
the MBE growth of III-V materials. The Van der 0 .
Pauw technique was used to measure the carrier l0,5 1016 10" 10'8 109

type. concentration, and mobility in doped test n(cm3)

layers. typically I to 2 jim thick, grown on semi- Fig. 5. Hall mobilitv at 3() K versus n for (aTe-doped

insulating GaAs substrates. For n-type AlGaAsSb. n-GaSb layers grown on semi-insulating GaAs substrates.

undoped AlGaAsSb buffer layers were used to
prevent the formation of a two-dimensional elec-
tron gas. Although GaSb and AlGaAsSb layers Arrhenius dependence on temperature. The line
grown on GaAs substrates will contain a high drawn in fig. 4 corresponds to a sublimation heat
density of misfit dislocations. only a slight de- of 58 kcal/mol. At the highest GaTe source tem-
gradation of the majority carrier transport proper- peratures, the values of n fall below this line. The
ties is expected. electron mobility of n-GaSh lavers at 300 K is

In fig. 4. the electron concentration n at 300 K shown in fig. 5. A mobility of 4000 cm V " s
in GaSb and Al, Ga,, As,Sb , layers doped was obtained for n = 4 X 10" cm '. As expected.
with GaTe is plotted versus inverse GaTe source lower mobilities are observed at higher values of
temperature. The values of n for GaSb layers n. Somewhat higher mobilities were obtained at 77
range from 8 X 10' to I x 10l cm 3. At mod- K. with a value of 5850 cm- V n s ' for n = 6 X
erate GaTe source temperatures. n exhibits an 10 1 cm 1. The n-type doping of GaSb grown by

MBE has been investigated by other workers using
S [16.17]. PbSc [18]. Te [191. SbTe, [20]. and PbTe

10 .1[211. The electron concentrations and mobilities
: Gasb, 300K obtained in this study by using GaTe are com-
Al , Ga , AS So, parable to the best values that have been obtained" a :with the other dopant sources.

For comparison, a GaTe-doped GaAs sample
58cai f'O"" ' was grown with a GaTe source temperature of

E 10  \ S 435'C. The electron mobility is consistent with
r minimal compensation. The value of n is 5 Y 101

cm . nearly the same as that obtained in lavers
1o'  , of GaSb grown with the same GaTe source tem-

perature. This result, together with the Arrhenius
behavior described above, suggests that unity in-

0 2 1 1 corporation and doping efficiency of Te occur in

1 4 000.T. (K" GaSb layers grown at moderate GaTe source tem-

Fig. 4. Electron concentration n at 300 K versus inverse GaTe peratures.

so rce temperature for n-GaSb and n-AIGaAsSb layers grown For GaTe-doped Al,, 5oGa 1151As 1,Sb 11 . val-
on smi-insulating GaAs substrales at t 1tm h . ues of n as high as I X 101 cm 3 were obtained.
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10' samples of AlGaAsSb may have resulted from
300K unintentional variations in growth rate or from

C1 GaSb

AIo05 Ga 0oAsoo4Sbo96 non-optimum growth conditions.

10' 8

Be-DOPED GaAs

'/ 5. Laser characteristics

The laser structure consists of the following
10

layers: 0.75 ,am thick n'-GaSb buffer. 2 pm thick
n-Al( 0 .Ga,.50As0( Sb,,) confining. 0.4 pam thick
Ga. 4 1no16 As) 4 Sb,, active. 3 pm thick p-

!011 I Alo 5(ao 5AGa s ,oSbh(, confining, and 0.05 pm
080 085 090 095 thick p'-GaSb contacting. Following growth.

1000/T.. (K') Ti/Au and Au/Sn lay,:rs were deposited and al-
Fig. t, Hole concentration at 300 K versus inverse Be source loyed at 300 °C to form ohmic contacts to the p '-
temperature for p-GaSh and p-AlGaAsSb lavers grown on and n-GaSh surfaces, respectively, and broad-

semi-insulating G'aAs suhstrates at 1 pm h stripe diode lasers 300 pm wide were fabricated.
The lasers exhibited uniform near-field emis-

as shown in fig. 4. (The plotted values of n have sion patterns. The emission spectrtim is composed
not been corrected for simultaneous electron con- of multiple longitudinal modes centered at 2.27
duction in the F. L. and X conduction bands.) For pm. as shown in fig. 7. Two other wafers having a
GaTe source temperatures of 435 ° C (1000/T= layer structure similar to the present one had been
1.412) or lower, the results are relatively well grown on consecutive days about a year earlier.
behaved. For higher source temperatures. how- Lasers fabricated from these two wafers had emis-
ever. n decreases with increasing GaTe tempera- sion spectra centered at 2.29 pum [6]. A shift in
ture. and the measured mobilities are anomalously bandgap from 2.29 to 2.27 pLm corresponds to a
high. Anomalously high Hall mobilities observed change in the Galn, ,As,Sb, , composition of
in other semiconductors were shown by Wolfe. 1x = 0.006 or Ay= 0.02.
Stillman. and Rossi [22] to result from conducting The light output 1. versus current I has been
inhomogeneities such as metallic inclusions. It measured at room temperature for lasers with
therefore seems probable that conducting inclu- cavity lengths from 300 to 700 pim. Fig. 8 shows
sions of Te or some Te-containing species are the L-I curve for a 300 Am long device measured
incorporated in our AlGaAsSb layers grown with
high GaTe -ource temperattires.

The results for Be doing of p-type GaSb and
AIGaAsSb are straightforward. Fig. 6 is a plot of
hole concentration p versus inverse Be source 4
temperature. Values of p up to 2 X 10" cm
have been obtained. Also shown is the line repre-
senting our data for Be-doped GaAs. Many
workers have found that unity incorporation and Ut

doping efficiency occur for Be doping of GaAs
under normal growth conditions. Since most of
our measured points for Be-doped GaSb and Al-
GaAsSb fall near the line for Be-doped GaAs. we 225 226 227 228 229 230

conclude that unity incorporation and doping ef- WAVELENGTH (pr)
ficiency also occur for the Be doping of these Fig. 7. Emission spectrum at 295 K of a GalnAsSb/AlGaAsSh

materials. The deviations shown in fig. 6 for two diode laser.
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1000 25KPUSDobtained for n-GaSb at 300) and 77 K. respec-

80 L 300 Om tively.
E 80 W300 PM Diode lasers emitting near 2.3 tum fabricated

600 from these double heterostructures exhibited a
threshold current dcnsitv as low as 1.5 kA cm -

0 400 differential quantum efficiency as high as 50'
X ~and pulsed power as high as 900 mW per facet.52201 zm

200 JTH 2 1c
2  Auger recombination and free-carrier absorption

111 501.
2 do not appear to be serious problems for these

04 ' 6 8 10 lasers.
CURRENT (A)

Ni. . Light output versus current characteristic of a
(ialnAsSh,'AIGaAsSh laser under pulsed conditions. Acknowledgments
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M4BE growth and characterization of In,,Ga, S/nssrie
layer superlattices

R. Fashe. i.T. Zborowski. 1.1). Golding. H.D. Shib. P.C. Chow. K. Nlatsuichi*
SJU I 1. 1, udEi,,i I ( +nrer wid Decpazrtmentit /'I 'i,. I Pitt cr101 eqt nooisi. 11(ustw.i. Texas - &(P4. L S-A

B.C, Cox inmton, A. Chi, J1. Zhene,
1),pr~n'i 4W "I')i I, '.SamiIIo, .State I 'III ,I'm~i . Ifinil Il/k. fe, -- 41, 1 SI

jjj: Schaake
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1. Introduction from) the kalence hand to thle conduction band.
Thie problem intensifies at long wavelengths he-

A si~nificant amiount (it effort has recenltl\ sond 1t. yiin where handgaps are less than 0.1 eV
been dcx oted to the des clopm-,_nt of intrinsic.,semi- because, in a con1ventional bulk semiconductor.
conductor detectors fir infrared O1R) iarinc- in thle bandgap and the effecli,.e mass are not mndc-
the 1tt 12 pi n x\axelength range 11 J. These: devices pendent: a narrow, bandgap leads. to a small effee-
.ire usuallx made from thle 11 V I 1-l 'Cd I ti-e mjass ,Nwhich in turn causes large tunnel cur-
ternar\, allo,, 121. because no bulk III -V materials rents. In \iew% of this problem with bulk semicon-
liax s ufficien tlx small bandguaps at 77 K for oper- ductors. a number of alternative material sx stemns
ationl in til, xx avelen.gth range. Because of thle wecre proposed and Studied for I R applications
noise considerations. photovkoltaic infrared detee- over thle past tenl \ears. All proposed material
tor, are usuallV preftrred over photoconductive sxsltems' f4 7) are artificialls. structured super-
devices 13J. Thie photovoltaic infrared detector, lattices, that require sx nthesizinu using advanced
nimin metal insulator semiconductor (M IS) and epitaxial growthl techniques such as molecular
diode devices. are limited in their performance by beamn epitni\% (MBFJ. These synthesized materials
dark currents caused mostly b,, electron tunneling have unique properties not found in the conven-

tional semiconductors. For I R sensing applica-
Mai ihe -t usa' Cenier for Superckkn-dui'. i at ihe tril- tions, the ariic l stutred superlattices offer

\er,,iis of I tousioi a significant advantage ov-er the conventional

A)422-11249)4'I $4154 4 1 Hwx'I Ileier Suierosc I'hlishers BA - itotland)
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semiconductors: the decoupling of the bandgap
and the effective mass to first order approxima-
tion in a superlattice structure. In other words, the r,
bandgap and the effective mass can be indepen- .11,6a I sb

dently tuned in a superlattice, and it is possible to 0) <1
design an IR detector with both a small bandgap
and a lare effective mass [4]. In addition to the aSh huT, utriI arn i

requirements of having a small bandgap and a
large effective mass. a potential superlattice
candidate for IR applications should also have a GaSbi (Kl) substratc

large absorption coefficient, which depends on the
densit, of states. The novel, type I1 strained-laser
superlattice (SLS) system of InAs-InGa, Sb Fug. t. Schematic diagram ,f a t'.pical ln(iaSbInA, S[S

proposed by Mailhiot and Smith in 1987 meets all
three requirements [7].

In the InAs In,Ga, ,Sb superlattice svstem troscopy (AES) facilit\, comprising a double-pass
proposed by Mailhiot and Smith. the tvo con- cylindrical mirror analyser, wvas installed in the
\tituent la\ers are not lattice matched. The inter- analysis chamber. The growth chamber had one
nal strain effects caused b\ the mismatch are used antimony cell producing Sh and two arsenic cells,
to reduce the bandgap of the InAs quantum wells. a standard cell producing As4 and a cracker cell
Calculations showed that the InGa, Sb InAs producing As-. The GaSb substrates (typically I
has an effective mass greater than that of cm X I cm) were mounted by indium soldering
Hg ,('d,Te and an absorption coefficient com- onto the 3-inch molybdenum blocks. ln,Ga, ,Sb
parable to that of Hg, ,CdTe [8]. thereby mak- epila-vers. InAs epilayers and InGa ,Sb-InAs
ing the InAs InGaSb SLS a promising material SLSs were grown on GaSb(100) substrates
for long-\avelength IR detection. buffered by 1.0 ptm homoepitaxial GaSb layers. A

Fxperimental study of the InGa, ,Sb- InAs schematic diagram of the SLS structure is shown
SLS ssstem was recently reported by Chow et al. in fig. 1. The substrate temperatures above 430'C
[91, with all epitaxial structures grown on GaAs were measured using an optical pyrometer and
(100) substrates by MBE. We have undertaken a those below 430°C were estimated by extrapolat-
similar stud\ of this potentiall\ useful material ing the substrate heater currents. The GaSh and
system with MBE. Howeser. all our epitaxial InAs growth rates were calibrated from in situ
structures were grown on GaSb(100) substrates in RHEED oscillations and were 0.9 and 0.1 pm/h.
order to reduce lattice mismatch between the respectively.
free-standing superlattice structure and the sub- Superlattice period thicknesses between 60 and
strate. Some of the preliminary experimental re- 300 A were investigated with growth temperatures
suIts are reported here. A more detailed report will ranging from 370 to 500'C. The films and result-
appear elesw here. ing structures were characterized by in situ

RHFED. AES. double-crystal X-ra\ spectroscopy
and Fourier transform infrared (FTIR) spec-

2. Experimental troscopy. To characterize the samples with X-rays.
a sealed copper source, in point geometry and

All epitaxial structures reported here were pre- running typically at 40 kV and 30 mA. was em-
pared in a commerical Riber MBE system ployed. The monochromator was a (220) germani-
equipped with a growth chamber and an analysis um single crystal. To eliminate the Ka, compo-
chamber. The reflection high-energy electron dif- nent. an adjustable slit was placed from the mono-
fraction (RHEED) facility was installed in the chromator. The main beam dimensions were 0.5 X
growth chamber, while the Auger electron spec- 3 mm2. This arrangement gave a radial resolution
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of about 0.030 FWHM in 20 at the 400 reflection 3. Results
of InAs.

For FTIR analysis, all data were collected with A great deal of effort was devoted to growth of
a Bomen DA 3.01 Fourier transform spectropho- InAs/GaSb heterostructures using (As 4. Sb4 ) and
tometer using a KBr beamsplitter. a glowbar (As2 . Sb4 ). We found, with the aid of Auger elec-
source and a HgCdTe detector. The spectra were tron spectroscopy, that in using (As , Sb4 ) InAs
collected at a resolution of 2 cm 1 and a tempera- could not be grown following growth of GaSb.
ture of about 6 K. A total of 100 scans were Fig. 2 shows two Auger spectra from two different
co-added to improve the signal to noise ratio. The InAs/GaSb samples. one prepared using (As4,

samples were mounted to the cold finger of a Sb4 ) and the other (As,. Sb4 . Each of the these
Janus continuous flow crvostat which had been two samples consisted of a nominal 150 A InAs
calibrated to allow positioning the sample at an- epilayer. The upper spectrum was obtained from
ales at 00. 200 . 400 and 650 with respect to the the InAs/GaSb sample prepared using (As,. Sb4 )

incident infrared beam. Angle dependence was and shows a large Sb peak at 454 eV. while the
obtained to confirm the two-dimensional nature lower spectrum was recorded from the sample
of the observed transitions. This consisted of ob- prepared using (As,. Sb4 ) and shows a substan-
taining spectra at each of the chosen angles start- tially smaller Sb peak at 454 eV. In samples pre-
ing with 00 and increasing to larger angles and pared using (As 4, Sb4 ), the absence of InAs on
then repeating the process but starting at 650 and GaSh was also confirmed by Raman spectroscopy.
decreasing to smaller angles. The data were then In all heterostructure growth. the RHEED pat-
compared for repeatabilit .  terns remained streaky, indicating the presence of

II la

v F ": ;, h

[~nc're.x, (eV')

Fig. 2 Auger spectra for a nominal 150 A InAs epilaver on a GaSh layer grown ai 3S
0
°(" utilizing (a) As, and (b) As.,. The inabilitm

to grow InAs on GaSh using As 4 is evidenced hb the presence of a large Sh peak in the upper spectrum (a).
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a iwko-dimensional growth mode. The inability to inactive in the infrared region. whereas the sample
growk InAs on GaSb using As, necessitated the use grown ait 380'C showed infrared absorption at a
of As, in growth of all superlattice structures. 12.6 tur wavelength. The diffraction profile for

X-rav- diffraction was used to analyze a series Sample 281 indicates a series of equall\ spaced
of 25-period 150 A/I5O A In,) Ga,),,Sh-[nAs S[LS superlattice peaks centered about the 400 super-
structures grown on GaSb( 100) substrates at dif- lattice fundamental. From the peak positions the
ferent substrate temperatures. Fig. 3 shows two average perpendicular lattice parameter of the su-
X-rav diffraction spectra obtained from two sam- perlattice is 6.093 A with a periodicity of 300 A.
pies grown at different substrate temperatures. The theoretical value for an ideal 150 A/15O A
The upper spectrum was obtained from Sample In,,,Ga,,,Sb/InAs coherently strained free stand-
381. which had a growth temperature of 420'C'. ing SL based on elastic energy density minimiza-
The lower spectrum wvas obtained from Sample tion is 6.13 A for the average perpendicular lattice
2S81. w~hich had a growth temperature of 380'C. parameter. In contrast, the diffraction profile for
The spectra were taken with Cu Ka, radiation Sample 381 is complex. showing superlattice peaks
near the 400 fundamental of the GiaSb(I00)) sub- which yield a periodicit\ of 220 A. The high-angle

'tr FilTe sample grown at 420'C was optically peak. closest to the (jaSh 400 peak. does not fall

SAMPIE :ff I (TOP) AND SAMPLA E3 1 (BOTTOM)
0001 T-1TT I I T'TT' TT 7 -~T TT7  1 JV T P U''T T-

80001[

4000 -h

3000-I

2000-

1000

58.0 58.5 5q. 0 139.5 60.0 60.5 61 .0 61 .5 62.0 62.5 63.0

219

[is I 1) uhle-irx ta1 X -ra\ diffraction spectra ohlitned from it 2i-period. nriinatlk gros\ n 150 A I 5(4 A In,,( a Sh I n.-\ S1 S
prepared under identicai nu, conditions .0 grim th temperature, of (a) 42W(C (Sample 381) and (h) 3811C (Sample 28t11. 1theordinate

iN arhitrar), and the intense peak~s truncated.
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Fig. 4. Fourier transform infrared (FTIR) spectra for a 25-period, nominhil\ grown 150 A/150 A InGa,,Sb-[nAs SLS grown at
38WI(L. The spectra are displayed as a function of incident angle TI, - ab.orhance scale reflects the values obtained for each spectrum

and is n, t drawn to scale.

into the superlattice spacing sequence and is prob- anu Siith lfr 1rg-wavelength infrared detection.
ably due to interdiffusion between the InAs and The epitaxial structures were all grown on
InGa, Sb constituent layers. GaSb(100) substrates to minimize lattice mis-

In addition to X-ray diffraction, the SLS sam- match. FTIR measurements indicate that this
pies were also characterized by FTIR for infrared material is suitable for long-wavelength infrared
absorption. Fig. 4 shows three FTtR spectra ob- detection. However, the quality of this material is
tained from Sample 281 at three incident angles of highly dependent on growth conditions. Further
00. 400 and 650. These spectra were measured at optimization of the growth conditions is essential
6 K. The strong absorption at a wavelength of and is underway in our laboratory.
12.6 psm indicates that the InGaSb-InAs SLS
system is a viable material for long-wavelength
infrared detection. Further optimization of the Acknowledgments
epitaxial structure and the growth conditions is inprores.We thank Dr. Christian Mailhiot, now at
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Growth of InAs/Ga_.,In.,Sb infrared superlattices

D.H. Chow *, R.H. Miles. C.W. Nieh
Hughes Research Laboratories. Malibu. Califbrnia 90265. USA

and

T.C. McGill
TJ. 'atn,'n. Sr.. Laboratory of Applied Phi tcs. California Institute ef Technologr. Pasadena. California 91125. LI4

A set of lnAs/Ga - ,In,Sb superlattices has been grown by molecular beam epitaxy. The superlattices are deposited on thick.
stress-relaxed buffer layers of GaSb on (100)-oriented GaAs substrates. A short-period, heavily strained superlattice has been inserted
at the GaAs/GaSb interface. Transmission ciectron microscope (TEM) images reveal that a dense network of dislocations forms at
this interface, with the vast majority of threading dislocations propagating no further than the first 1000 A of the GaSh buffer la'er.
Planar superlattice layers are observed, with no evidence of stress relaxation between the layers or between the InAs/Ga,, In, Sb
superlattice and GaSb buffer. Analysis of X-ray diffraction satellites reveals that cross-incorporation of As in GaSb and Ga1 , In,Sb
layers is virtually eliminated at low growth temperatures. Photoconductivity spectra from the superlattices display sharp photocurrent
threshold energies, in agreement with previously published energy gaps derived from calculations and photoluminescence data.
Thresholds in the 8-14 Aim range are obtained from superlattices with very thin layers ( 40 A). which are necessarx for strong

optical absorption in a type If superlattice. Finally, an absorption coefficient of = 2000 cm 1 is measured at 10 pm from a
superlattice with an energy gap of 11.4 jim. This value is comparable to that of bulk Hg, CdTe, the current industry standard for

infrared detectors in the 8-14 um range.

1. Introduction ity with GaAs-based readout electronics. Further-
more. the performance of infrared detectors based

lnAs/Ga, ,In,Sb superlattices show promise on lnAs/Ga, ,lnSb superlattices should not be
as materials for infrared detection in the 8-14 Itm limited by the high thermal generation rates which
range [1-4]. In comparison to Hg, - CdTe, the preclude large D*'s in multiquantum well in-
current industry standard. InAs/Gat ,lnSb su- frared detectors (such as GaAs/AIGaAs multi-
perlattices are expected to hold several ad- quantum wells, for example) [6].
vantages: (i) a higher degree of uniformity, which The conceptual basis for achieving far-infrared
is crucial for the fabrication of large infrared energy gaps in InAs/Ga. ,InSb superlattices
detector arrays. (ii) smaller leakage currents, due has been discussed previously [1-41. Briefly, the
to the tunable increase in effective mass available broken-gap band alignment between the two con-
in a superlattice, (iii) reduced Auger recombina- stituent material, yields a small energy gap for the
tion rates, due to the substantial splitting of the superlattice once quantum confinement effects arc
light and heavy hole bands and the increase in considered (assuming reasonably thin layers). The
electron effective mass 15]. (iv) better understood presence of coherent strain between the InAs and
device processing techniques, and (v) compatibil- Gat -,ln,Sb layers shifts the band edges such that

the superlattice energy gap is reduced. This shift is
Formerly at California Institute of Technology. Pasadena, advantageous because narrower energy gaps
California. USA. (longer cutoff wavelengths) can be obtained with

0022-0248/91/$03.50 1991 - Elsevier Science Publishers B.V. (North-Holland)
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reduced laver thicknesses, leading to enhanced most immediately upon commencement of the
optical absorption and carrier transport proper- short period superlattice. However. streakN
ties. RHEED patterns were recovered within the first

In this paper. we present structural and optical 100 A of a 5000 A GaSb buffer layer, grown at
characterization of a set of InAs/Ga ,-InSb 420-450'C on top of the short period super-
superlattices grown by molecular beam epitaxy lattice. A I x 3 RHEED pattern was observed
(MBE). Layer thicknesses and compositions have throughout the deposition of the GaSb buffer
been varied, resulting in samples with energy gaps layer, which is stress relaxed (free standing) as
ranging from 80 to 340 meV (3.5 to 15 tm). determined by X-ray diffraction. Growth was
Structural characterization of the superlattices completed by deposition of an InAs/Ga, ,lnSb
consisted of reflection high energy electron dif- superlattice on top of the buffer laver. The choice
fraction (RHEED). X-ray diffraction, and (in some of GaSb as a buffer layer material for the
cases) transmission electron microscopy (TEM). strained-laver InAs/Ga, ,in,Sb superlattices was
Spectrally resolved photoconductivity and optical made because of the intermediate value of the
transmission experiments have also been per- lattice constant of GaSb with respect to the two
formed. Absorption coefficients comparable to constituent materials of the superlattice. Substrate
those of bulk Hg, ,Cd,Te have been observed, temperatures ranging froni 350 to 4000C were

selected for the InAs/Ga, ln,Sb superlattices
studied here. Ga, ,lnSb and InAs displayed i X

2. Growth and structural characterization 3 and I x 2 surface reconstructions, respectively.
as observed via RHEED patterns during growth

All of the samples discussed here have been of the superlattices. For substrate temperatures
grown by MBE on (100)-oriented GaAs substrates below 370'C (approximately). a transition to a
in a Perkin-Elmer 430 system equipped with both I x 5 RHEED pattern was observed during growth
arsenic and antimony crackers. Measurements of interrupts (in an Sb flux) on Ga, - ,lnSb surfaces.
the substrate temperature were obtained through a A cross-sectional TEM photograph of an
thermocouple. which was either in contact with a InAs/Ga, ,ln,Sb superlattice grown by the
iiolbdenum block (in the case of indium-soldered method described above is shown in fig. 1. The

substrates). or a heat diffuser (in the case of figure reveals a dense network of dislocations at
indium-free substrate mounts). In both cases, the the GaSb/GaAs interface, the vast majority of
thermocouple readings were calibrated to optical which do not propagate past the first 1000 A of
pyrometer readings above 5000C. At lower sub- buffer layer growth. The remaining threading dis-
strate temperatures. a transition in the GaSb locations persist through the entire structure, with
surface reconstruction under an Sb, flux from a density of approximately 10" cm . There is no
I x 3 to I x 5 was used as a point of calibration evidence of plastic stress relaxation in any of the
for thermocouple readings. Nominal growth rates superlattice layers. nor between the superlattice
were calibrated via bulk film thickness measure- and buffer layer. In spite of the high threading
ments and RHEED oscillations measured during dislocation densities. TEM images reveal smooth.
homoepitaxial growth of GaAs and InAs. A planar. InAs/Ga, - In, Sb superlattice layers over
.. nude" ion gauge was used to monitor the Sb, most of the sample area. It is likely that substan-
and As, fluxes. tial improvements in structural quality can be

Growth of each of the superlattices studied achieved by growing InAs/Ga" -InSb super-
here commenced with 3000 A of GaAs. grown at a lattices on GaSb substrates. However. GaAs sub-
substrate temperature of 600' C. Following the strates are substantially less expensive and provide
GaAs layer, a ten period. 1 monolayer/l mono- the possibility of monolithic integration with read-
layer. GaSb/GaAs superlattice was deposited at out circuitry.
5200C. Spotty RHEED patterns, indicative of a Fig. 2 displays (400)-like, 0/29 X-ray diffrac-
three-dimensional growth mode, were observed al- tion data from an 80 period. 41 A/25 A. InAs/
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SUPERLATTICE

GaSh bQ

GaAs

Fig. 1. Cross-sectional TEM image of an InAs/Gaj ,ln,Sb superlattice grown on a GaAs substrate by the method described in the
text. A dense network of dislocations is observed at the GaAs/GaSb interface: most of these dislocations do not propagate past the

first 1000 A of the GaSh buffer layer.

Ga -Jn ,.Sb superlattice. grown by the method tion. respectively. This information is sufficient to
described previously. The period and average in- compute the In and Ga fluxes used during growth
teratomic spacing of the superlattice has been (two measured quantities, two determined varia-
determined from the X-ray data by measuring the bles). assuming the structure is in a known strain
satellite spacings and zeroth order satellite posi- state. Hence, the layer thicknesses and

Ga t -,In,Sb composition. x. of the superlattice
can be determined from the X-ray data without

.......- relying on nominal growth rates: The intensities of
3 . : A .:. ,.- ,. the superlattice satellite peaks shown in fig. 2 are

in excellent agreement with those predicted by
kinematical theory. The widths of the peaks are
limited by the resolution of the X-ray diffractome-

.- .ter used here. The intensity and narrowness of the
- satellite peaks is indicative of highly regular super-Z

-Z lattice growth with limited interdiffusion between

layers 171.
- ' , X The position of the GaSb buffer layer peak in

fig. 2 indicates that there is virtually no cross-in-
corporation of As into the layer (< 0.1%). We
have previously reported that growth of GaSb
(with a cracked Sb source). in an As background

50 60 7; produced by a hot. shuttered. As cracker. yields
' WO '"¢E;-4 (deg) substantial cross-incorporation (7-30%) of As over

Fig. 2. e/20 X-ray diffraction data for an 80 period. 41 k/25 the substrate temperature range 450-530* C: in
k lnAs/Ga,,7 5lno2 5Sb superlattice. showing (400)-like dif-
fraction peaks. The sample was irradiated with Cu Ka X-rays.

Each peak in the figure is bimodal due to the Ka doublet. The found to yield lesser degrees of As-incorporation
GaSh buffer and GaAs substrate peaks are labeled. [8]. A substrate temperature of approximately
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425 'C was chosen for growth of the GaSb buffer
layer in the sample used to produce fig. 2, result- InAs/Go,_nSb SLS PHOTOCONDUCTIVITY
ing in the virtual elimination of As from the layer. T=4.2K,.,X=0.25
These results suggest that: (i) increased coverage 45A/28A

of Sb on the GaSb surface occurs as the substrate
temperature is lowered, and (ii) the As-sticking x=0.2tc x=0.25
coefficient is more strongly dependent on surface 41&/25A

composition (Sb-coverage) than substrate temper-
ature over the temperature range studied here. The
effects of increased Sb-surface coverage would be x -=0.25

37A/25,k
enhanced if As, molecules dominate the As-back-
ground pressure when the As shutter is closed.
.since adjacent lattice sites are required for incor- C

poration of As 4 into GaAs [9.101. We have, fur-
thermore. estimated the cross-incorporation of ar- x=0.25

senic in the Gal -lnSb layers of the superlattice 25A/25A x=-0
used to produce fig. 2 to be no greater than IT. 28k/&28A
This estimate was made by assuming that the

0 100 200 300 400 500
nominal GaSb growth rate was accurate to + 20%. 0 0 2o o o
and applying the X-ray analysis described in the Energy (meV)

previous paragraph to determine the In flux and Fig. 3. Photlonductivity spectra from five tn iAc
the degree of As-incorporation. GaI ,Sb superlattices.

range is obtained for reasonably thin layers ( 40

3. Optical characterization A). which are necessary for strong optical absorp-
tion.

Photoconductive devices have been fabricated Fig. 4 contains an experimental absorption

for this study by chemically tctching mesa struc- spectrum. taken from the 41 A/25 A InAs/

tures into the InAs/Ga t l,In,Sb superlattices.
Evaporated aluminum contacts were then placed 41./25. InAs/Gco.7$1tlo.25Sb SLS ABSORPTION
on the tops of the mesas and etched surfaces,
forming sets of diodes. Fig. 3 displays spectrally
resolved photocurrent data from five lnAs/
Gal ,ln,Sb superlattices. The spectra were ob- -2

E
tained under backside illumination at different U

applied biases. All of the data presented in fig. 3 0
were obtained at 5 K. to date, temperature depen- "
dence has been studied in only the 25 A/25 A T 5
InAs/Ga,, 7,Ino2.Sb superlattice, revealing no ap-
preciable changes in photoconductive response up
to 100 K. As can be seen from the figure, photo- 0 L
conductive thresholds shift to lower energies as 100 110 120 130 140 150 160 170
the lnSb fraction and/or InAs layer thickness are ENERGY (meV)

increased. The photoconductive thresholds dis- Fig. 4. Measured absorption coefficient for a 41 A/25 k
played in fig. 3 are in excellent agreement with inAs/GaO751no.2Sb superlattice. Absorption at 10 lm is

previously published energy gaps derived from comparable to that of bulk Hg I - ,Cd ,Te with the same energy
gap. The small amplitude oscillations observed in the figure are

calculations and photoluminescence spectra [4]. It interference fringes resulting from a difference in thickness
should be noted that operation in the 8-14 jtm between the sample and a reference piece of a GaAs substrate.
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Ga 7,.,n 1.,Sb superlattice for which X-ray and ductive thresholds at energies which agree well
photocurrent data are displayed in figs. 2 and 3. with calculated energy gaps. Finally. an absorp-
respectively. The superlattice absorption edge is tion coefficient of 2000 cm ' at 10 pm has been
abrupt (the absorption increases by one order of measured from a superlattice with an 11 lum en-
magnitude within 10 meV of the threshold energy). ergy gap. As this value is comparable to that of
attaining a value of approximately 2000 cm-1 at bulk Hg, -,CdTe, we feel it is a promising result
10 pjm. This value is comparable to that of bulk for detectors based on lnAs/Ga, ,ln,Sb super-
Hg, ,CdTe with the same energy gap. The ob- lattices.
servation of large absorption coefficients from a
type II superlattice is consistent with the predict-
ion of large electron effective masses in these Acknowledgments
structures, which may reduce leakage currents and
Auger recombination rates. Comparison of figs. 3 The authors are grateful for fruitful discussions
and 4 reveals that the absorption edge of the with D.L. Smith of Los Alamos National Labora-
superlattice is coincident with its photoconductive tories and C. Mailhiot of Lawrence Livermore
threshold, as expected. Laboratories. We also wish to acknowledge dis-

cussions with R. Baron. J.P. Baukus. D.A. Collins.
T.C. Hasenberg, A.T. Hunter. O.J. Marsh, J.R.
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New MBE growth method for InSb quantum well boxes

Nobuyuki Koguchi. Satoshi Takahashi and Toyohiro Chikyow
.Natonal Research Institute for Metals. Tsukuha Dahoratories. 1-2.1 Sengen. Tsukuba. Ibaraki 305. Japan

We propose a new MBE growth method for InSb microcrystals on CdTe which has a nearly equal lattice constant to InSb. The
average size of the InSb microcrvstals was about 150 nm x 200 nm X 70 nm. This method is based on the Sb incorporation into In
droplets and thought to be useful for fabricating quantum well boxes.

I. Introduction of 30 keV. This system was capable of an ultimate

Predictions of enhanced electron mobility [ pressure in the low 10 tO Torr range.
Elemental In and Sb and compound CdTe in

and drastic improvements of laser diode character- the Knudsen cells were used as molecular beam
istics [2] have been made for quantum well box sources. The incident fluxes of In. Sb and CdTe
systems. In spite of the fundamental interest in were separately determined by measuring the
making quantum well boxes, progress in their weights of these films deposited on glass sub-
fabrication has been very slow. Although the elec- tgts hese fl d eposied na sub-strates held at 20° C and beam equivalent pres-
tron beam lithography and subsequent argon ion sure (BEP).

milling have been demonstrated for the fabrica- Prior to loading, an lnSb (001) substrate of
tion of the quantum well boxes [3] these dimen- 5 x 5 cm 2 area was solvent cleaned and mounted
sions are quite difficult to handle and radiation onto molybdenum support blocks using gallium
damage is inevitable. It appears highly desirable to solder. Immediately before growth, the native
look for alternative methods to fabricate quantum oxide was removed from the substrate surface by
well boxes without resort to lithography. heating at 460 C in an Sb flux.

In this paper. we propose a new MBE growth At first, an InSb buffer layer was grown onto
method for InSb microcrystals on a CdTe epi- the substrate at 4300C for 30 min. The thickness
taxial layer. Since the CdTe has a nearly equal of the inSb buffer layer was about 500 nm. The In
lattice constant to lnSb and a larger energy gap and Sb fluxes during growth were 4 x 1014 and
than that of lnSb. it may be possible to fabricate a 9 x 1014 atoms/cm 2 

- s. respectively. Then 200 nm
quantum well box system by covering the lnSb thick CdTe epitaxial layer was grown onto the
microcrvstals by a CdTe epitaxial overlayer. lnSb buffer layer at 200*C for 30 min. Next. In

which had the same flux during growth of the

2. Experimental inSb buffer layer was deposited on the CdTe
epitaxial layer for 30 s at 2000 C. After deposition

The MBE system used in this work was a of the In droplets, an Sb flux which was I x 1014

conventional commercial system (ANELVA-620) atoms/cm 2 _ s was supplied for 100 s.
with a cluster of 40 cm3 boron nitride effusion The structures of the samples were analyzed by
cells in a common liquid nitrogen shroud and an a field emission type high resolution scanning
eectron gun for reflection high energy electron electron microscope (HRSEM) and transmission
diffraction (RHEED) with a primary beam energy electron microscope (TEM).

00224)248/91/303.50 , 1991 - Elsevier Science Publishers B.V. (North-Holland)
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3. Results and discussions pseudo (1 x 3) during growth, which corresponds
to that observed by Noreika et al. [4] for the flux

The RHEED patterns observed on each stage ratio of the antimony and indium being larger
of the growth process are shown in fig. I along than unity. The surface reconstruction changed to
complementary <110) and <110) azimuths. The In-stabilized c(8 x 2) at 200 "C. Tellurium stabi-
surface reconstruction of the lnSb buffer layer is lized (2 x 1) surface reconstruction [51 appeared

Fig I RHEED patterns observed on the growth process along the complementary (110) azimuths: fa) surface of the InSh buffer

laer at 200'.(: (b) surface of the CdTe epitaxial layer; (c) In deposited surface on the CdTe epitaxial layer: (d) surface after the Sb
suppi. Left column: 11101; right column: 11101.
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on the CdTe epitaxial layer. Simultaneous diffrac- crystals are well defined, but the (1l) facets are
tion patterns of halo and (2 x 1) reconstruction not so clear.
were observed on the In deposited surface. Im- The HRSEM photographs of In droplets on the
mediately after the Sb molecular beam radiation, CdTe epitaxial layer and the microcrystals grown
the RHEED pattern changed to the spotty feature by the Sb molecular beam supply to the In drop-
with streaks along (111) and (100) azimuths. The lets are shown in fig. 2. The surface and slightly
(111) streaks were clearly observed along the oblique side views are shown simultaneously in
(110) azimuth rather than those along the <110) the figures. The shape of the In droplets is a
azimuth. Some twin spots were observed along hemisphere and the average diameter of the drop-
both azimuths. The Debye rings caused by anti- lets is 120 nm. The standard deviation of the size
monv were observed simultaneously after about distribution of the In droplets is about 10% in any
60 s supply of antimony molecular beam. sample prepared. These In droplets changed to

These RHEED observations revealed that the truncated pyramidal shape microcrystals having
In droplets deposited on the CdTe epitaxial layer (111) and (100) facets after the antimony flux
changed to InSb epitaxial microcrystals truncated supply. The base size of the pyramidal micro-
b, (111) and (100) facets after the antimony crystals is 150 nm x 200 nm and the height is
molecular beam supply. The (11) facets of micro- about 70 nm. The (1-11) facets of the microcrystals

surf ac

00 2 side view 1OOnmI
surf ace"t .-

b

00 vnside view 10 l nm g"
Fig. 2. FIRSFM photographs: (a) In droplets deposited on the CdTe epitaxial laver: (b) microvrystals grown by the Sb molecular

beam supply to In droplets.
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g 3. TEI photograph of the InSh n crocrx Ia

are well defined. hut iie 0Ill) facets are not so microcrystals covered by the non-reacting In "ere
clear. These resu!*, correspond to those of the observed simultaneously for the same specimen.
RHEED ohserv nuon. I rreg ularly shaped microcrystals. whose size was

A TEM pl'otograph of the microcrystal taken smaller than that of the InSb microcrvstals. were
with the incident electron beam along the KI110) deposited on the substrate simultaneously. as
direction for the cleaved sample is shown in fig. 3. shown in fig. 2. These crystals were crowded
The (Il11) lattice fringes appearing in the micro- around the lnSb microcrvstals. These irregularly
crystal are identified as those of InSb. Some InSb shaped microcrystals and the Dehve rings from

Ir dropICT Iri drople!

0 0 0 0
a / 0 1O

(001) 0 Ov

I Sb

(a) (bi 10,
'110' To,

Fig. 4. Schematic explanation of grow\%th mechanism of the IlnSh microcix stals' (a) cross sectional vie% along KI 10)~ a~i imith: I b) cros'
sectional viewk along 01102 azimuth.
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antimony disappeared after 10 min of subsequent pointed out that the thickness of this layer was
annealing at 300 C. So we can conclude that the dependent on the substrate temperature. but that
irregularly shaped microcrystals around the inSb it was below some tens of angstr~ims thick at
microcrystals were antimony. temperatures between about 180 and 3300C. Al-

These results show that three-dimensional though we have not investigated the interfacial
growth of InSb microcrystals occurs by the anti- layer in this work. it may be necessary for decreas-
monv molecular beam supply to the In droplets ing substrate temperature during the growth proc-
deposited on the CdTe epitaxial layer. Two-di- ess to fabricate an abrupt interface.
mensional lateral growth of GaAs was observed
b, the As molecular beam supply to the Ga drop-
lets deposited on the GaAs substrate [6]. In this 4. Conclusion
case. As monoatomic layer adsorption. which was
suitable for the lateral growth of GaAs, occurred We have observed three-dimensional growth of

on the GaAs surface. On the other hand, Sb InSb microcrystals by suppling a antimony molec-

monoatomic laver adsorption with zinc-blende ular beam to the In droplets deposited on the

type surface structure may not occur on the CdTe CdTe epitaxial layer. Provided the In droplets
,urface. changed to InSb completely by supply of an anti-

Fig. 4 shows a speculated growth mechanism of mony molecular beam. the quantum well box ss-

the lnSb microcrystal. Dissolved Sb atoms in the tern composed of InSb wells and the CdTe barrier
In droplet diffuse to the interface of In and CdTe. may be fabricated by growing a CdTc epitaxial
Then InSb crystallized at interface epitaxially. The layer over the InSb microcrvstals.

microcrvstals of InSb grow up by the adsorption
of Sb atoms like A and B in the figure. On the

I11) surface. B and B' are nearly equivalent site: Acknowledgments

however, site B is more stable than site B' on the The authors wish to thank S. Yamamoto of the
(111) surface for the grovth. Then well defined . e NBF growth
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Strong nonlinear optical enhancement in MBE-grown BISb

E.R. Youngdale, J.R. Meyer, C.A. Hoffman. F.J. Bartoli

Naval Research Laboratory. Washington. DC 20375. USA

D.L. Partin. C.M. Thrush and J.P. Heremans

Phriocs Deparimen. General Motors Research Laboratoriev. Warren. Aichigan 48090. USA

We report an experimental stud, of the linear and nonlinear optical properties of Bil Sb, alloN layers grown h, MBE.
Non-degenerate four-wave mixing experiments at CO, laser wavelengths yield a large third-order nonlinear susceptibility (X' = 3.5
y'10 4 esu). Furthermore, due to the high reflectivity of the Bi- ,Sb, films at both the air and substrate interfaces, the etalon

formed can enhance the nonlinear optical signal by over an order of magnitude.

It has been demonstrated that due to a strong optical signal should be achievable. In this paper,
optical modulation of the electron-hole plasma ambient temperature four-wave mixing measure-
temperature. zero-gap and narrow-gap semicon- ments on an MBE-grown Bi, - ,Sb, film of opti-
ductors such as HgTe [1], Hg, ,Cd,Te [2]. mized thickness are presented and compared with
HgTe -CdTe superlattices [3.4]. and a-Sn, ,Ge, data for the non-optimized samples. It will be seen
[4.5] tend to have quite large third-order nonlinear that the correlation of etalon oscillations in the
susceptibilities (X"') at CO. laser wavelengths. linear reflectivity spectrum with the frequency de-
Response times are generally found to be in the pendence of the four-wave signal (P4 ) confirms a
picosecond range. and in some cases there is little strong etalon enhancement of the nonlinear opti-
saturation of the nonlinear signal at high optical cal response.
intensities. In a recent publication [6]. we reported Bi1 ,Sb, films were grown by MBE onto [111]
the first nonlinear optical study of another nar- BaF2 substrates in a system which has been de-
row-gap system: Pi, ,Sb, films grown by MBE. scribed elsewhere [7]. The growth temperature was
It was noted that the band structure and optical 250'C. and the growth rate was 0.5 tim/h. Elec-
constants of Bi ,Sb, are quite favorable for large trical studies indicate that the films are single
optical nonlinearities. and measurements con- crystals. with electron and hole mobilities com-
firmed that even at ambient temperatures. the parable to those in high-quality bulk Bi -,Sb,.

X'*'s at high CO. laser intensities are among the Compositions and thicknesses for four films are
largest ever measured. It was further noted that listed in table 1. along with linear and nonlinear
due to high reflectivities at both the ambient and optical properties to be discussed below. The com-
substrate interfaces, the as-grown films form a position was determined from the flux rate during
relatively efficient Fabry-Pirot etalon. However, growth, and was verified in one sample to be
the films studied in the preliminary work were of correct to within 5% by a neutron activation anal-
arbitrary thickness, t. and hence were not opti- ysis.
mized to take advantage of the etalon properties. The strong etalon effects in Bi),Sb, films

It was pointed out in an earlier study [6] that result because there is a large mismatch of the
by adjusting I to match X /2 in the medium, a index of refraction at both the air and the BaF,
significant etalon enhancement of the nonlinear substrate interfaces. The refractive index for BaF,

0022-0248/91/$03.50 1 1991 - Elsevier Stience Publishers B.V. (North-Holland)
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___ .- l I lated curve to the experimental data yielded the
iT . Ivalues listed in table I for the high-frequency

S. .. dielectric constant, plasma energy. and monen-
turn relaxation time. These results are in good
agreement with those obtained previously from

Sbulk reflectivities in Bi ISb, [9,101. Also listed in
the table are the absorption coefficients at 942

cm', which are obtained from the decay of the

I etalon oscillations and are therefore unavailable
from bulk measurements. The arrows in fig. I
indicate the positions in the spectrum correspond-
ing to the range of CO. laser wavelengths. Note
that w = 942 cm-1 is at a reflectivity minimum

-.. ---- -_------) (where constructive interference of the internal
, optical fields is greatest). while w = 1075 cm- I is

midway between a minimum and a maximum.
Fig. 1. Linear reflecttvity as a function of frequency. The solid mda beeea mn um-aa mximum.
curve is experimental, while the dashed curve gives the results

of the fit to the reflectivitv data. ments, described in detail elsewhere [3,4], utilize
two grating-tuned, synchronously Q-switched CO,
lasers, which generate = 150 ns pulses at frequen-

is only 1.4 [8], while that for Bi1 .,Sb, is > 10. cies w, and w2. The TEM,.10  beams are aligned
The linear reflectivitv spectra [6] for samples 1-3, co-linearly and weakly focussed to a 1/e diameter
which all have thicknesses on the order of 1.1 pm., of 560 tim on the sample, where mixing signals at
indicate that for those films one does not expect frequencies w, = 2w, - w, and w,4 = 2w, - wt are
pronounced etalon effects on P4 because the avail- generated. A 0.85 m Spex double monochromator
able laser frequencies fall midway between etalon is used to separate the four-wave signal P4 at
minima and maxima. However. the thickness of frequency w, from the more intense pump beams.
sample 4 was specifically chosen so as to maxi- Beam intensities are varied by means of calibrated
mize the etalon enhancement of the nonlinear CaF2 attenuators. The four-wave signal is mea-
response. The effect of the etalon is clearly shown sured using a HgCdTe photodiode operating at 77
in the linear reflectivity spectrum in fig. 1. The K, and normalized to that obtained for a sample
solid curve in this figure represents data taken of optical grade germanium. P4 is measured as a
using a Perkin-Elmer Model 180 spectrometer, function of the difference frequency, Aw = w, -
while the dashed curve is a calculation based on a w., and intensity.
generalization of the Drude model to include mul- In fig. 2. we show measured X"3 as a function
tiple internal reflections. We modeled the dielec- of laser difference frequency Aw. The values of
tric properties of the BaF, substrate based on X are for a laser intensity of 10' W/cm2. and
parameters in the literature [8]. Fitting the calcu- have been corrected for the presence of the etalon.

'rable I
BH  Sb, sample characteristics: the listed X°' are for T - 100 K. Aw = 1.8 cm and P0 = 2 x 10' W/cm2

Sample x I f hp ' a(, = 942 cm 
t 
)3)

No. (GcM) (meV) (ps) (cm- 1 (esu)

1 0.020 1.10 114.8 401 0.109 8240 2.1 X 1 -4

2 0.087 1.09 117.4 387 0.057 9510 2.6 X 10-
4

3 0.146 1.09 122.0 400 0.072 1.11 X 104 3.1 X 10
- 4

4 0.186 0.508 127.9 468 0.063 1,30X 104 3.5 x to
- 4
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Fig. 2- X' as a function of laser difference frequency, Aw. at a . I

power of 1' W/cm. The straight line represents a Fig. 4. X(" as a function of laser intensity for the same four
dependence. laser frequencies shown in fig. 3. The effects of the etalon have

been accounted for in the analysis. and as a result there is no

The data clearly show a I/( w) dependence down systematic dependence of X'3 on laser frequency.
to the smallest Atw used, from which we conclude
that the relaxation time is greater than 3 ps [1,2]. different frequencies [11]. The data clearly con-

It was pointed out above that tho reflectivity firm strong etalon enhancement, since P4 at the
spectrum for sample 4 implies a strong variation optimum frequency (944 cm - 1) is nearly an order
of the etalon enhancement with CO, laser of magnitude larger than the value at 1075 cm -'.
frequency. To test this prediction, fig. 3 plots P4 In the appendix, we present a theoretical analysis
as a function of incident laser intensity at four of the effect of 'he etalon on nonlinear optical

measurements. This analysis predicts an enhance-
1t -r ment of P4 by 29.5 at w==942 cm - , 19.6 at

w = 974 cm ', 4.0 at ,)= 1048 cm '. and 1.7 at
w = 1075 cm-'. For wavelengths closer to the

00U reflectivity maximum, this factor would be less
A " 0 0 than unity.

- vo% n Incorporating etalon effects into the analysis,
'%7o X ' at each laser frequency has been obtained

V 006 AI from the data in fig. 3. Fig. 4 shows that whereas
I , 'V P4 depends strongly on co. the corrected Xt3 's
V 912 '"t have no systematic dependence on frequency. The
A 971
0 INtS magnitude of the nonlinearity is quite high: X(3 =
0 lui7 3.5 x 10 " esu at = 10' W/cm. Partial satura-

tion is observed with increasing laser intensity. A
preliminary calculation of the nonlinear optical

2) tcoefficients [1,3,41 in Bi, Sb, was performed,
which assumed that the mechanism responsible

Fig. 3. Four-wave signal as a function of intensity for four for the nonlinearity was a modulation of the di-
different laser frequencies (scaling by hk, make the data di-
rectly comparable). The strong dependence of the four-wave electric constant due to thermally-generated elec-

power on laser frequency confirms etalon enhancement. trons and holes induced by optical heating of the
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free carrier plasma. The calculation yielded X( 3) 's Here n, is the complex, frequency-dependent in-
in agreement with the experimental values to dex of refraction in medium i. and the r, are also
within a factor of - 3. complex, since at an interface with an absorbing

In summary, we have carried out a nonlinear medium there is a phase shift in the reflected light.
optical investigation of the Bi, - ,Sb" alloy system, The correction factor for the four-wave beam at
using nondegenerate four-wave mixing at CO2  frequency w, = 2w, - w2 can be found by decom-
laser wavelengths. Due to favorable band struc- posing the nonlinear field into two components, a
ture and material parameters, the third-order non- beam traveling from left to right (Er), and a
linear susceptibility at 300 K is quite high (X (3) = beam traveling from right to left (E, 1 ). We take
3.5 x 10

- 4 at 10' W/cm2 ), although it shows a the incident pump beams to be traveling from left
partial saturation. The data are interpreted in to right. The equations that these field intensities
terms of modulation of the dielectric constant due must obey are as follows:
to thermally-generated electrons and holes in-
duced by optical heating of the free carrier plasma. E3 r(r, L) = E 3 r(r. 0) e' k "

Due to constructive interference of the optical + K E12 (r, 0)E, ( r, 0), (2)
fields within the as-grown films, we observe en-
hancement of the nonlinear optical response by an E3,r, 0) = (, ,(r. L) e, 1

order of magnitude.
Work at NRL was supported by SDIO/IST VKE (r, L)E (r. L) (3)

and the Office of Naval Research. E1,(r, L) = r2(k,)lk: (r, L). (4)

Er(r. 0) = r,(k,)E,(r. 0). (5)
Appendix where K is the nonlinear optical gain (including

It is convenient to reduce the etalon enhance- absorption losses) in a single pass. The pump
ment problem to a two step process: we calculate beams must satisfy the relation:
a base X' ) by assuming that the reflected light
plays no role in nonlinear optical generation, and Ef(r, L)E,*(r, L)
then calculate a correction factor to account for =E12r(r,O)E*(r, )r 2 (k,)r2*(k,)
etalon effects on P4. The correction factor itself - (6)
consists of several parts: corrections for the elec- (6)
tric field strength of each of the pump beams, and since they must pass through the sample once and
a correction for the non-linear signal that is gener- be reflected before there is a leftward beam. We
ated. can solve eqs. (2)-(6) for the electric field of theThe correction factor for each pump beam can nonlinear beam just before it exits the sample:
be found by summing the infinite series of electric
field contributions by each pass of the beam. For E,(r. L)
the etalon correction to the internal optical inten-
sity one obtains [121: - K E,(r. O)E,0 (r. 0)

[1 X: (1 x[l + r(k,)r'(k, )r*(k,)

F~k=1 r,(k )r2(k ) e~i t  
Le/ (2 A k

*:+A,O]

where k =(2rn/X) is the complex wavevector, -. -,(adL is the film thickness, the reflection coeffi- x [I - r,(ks)r2(k3) eZAt]-. (7)

cients for the electric field are given by
The term in brackets is the etalon correction for

n,(k) -=n,+ 1 (k) the nonlinear beam, which reduces to unity in the
n,(k) + n, 1(k) absence of multiple internal reflections (rir, - 0).
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New development on the control of homoepitaxial and heteroepitaxial
growth of CdTe and HgCdTe by MBE

J.P. Faurie, R. Sporken, S. Sivananthan and M.D. Lange
Microphysics Laboratory, Physics Department, University of Illinois at Chicago, Chicago, Illinois 60680, USA

It is reported that rotation twins as well as reflection twins are easily formed in CdTe and HgCdTe grown by MBE in the (111)
orientation. Twinning can be avoided by carefully controlling the substrate preparation and by applying very stringent growth
conditions, mostly for the stability of Hg pressure and the real surface temperature of the substrate, which is extremely difficult to
control when the substrate rotates. A comparison between HgCdTe twinned layers and twin-free layers has shown that electrically
active acceptors and high hole mobility are associated with the presence of reflection twins and/or mercury-rich alloy zones due to
Hg overpressure during the growth. Twin-free HgCdTe layers can exhibit etch pit density count two orders of magnitude lower than
twinned laers. Twin-free CdTe layers have been grown on GaAs and Si substrates. Excellent thickness uniformities have been
reported: 0.24% for the standard deviation of a 2-inch diameter CdTe layer grown on GaA.s(I00 and 2.3% for a 5-inch diameter
CdTe grown on Si(100).

I. Introduction materials are not really questionable, the short-
comings of HgCdTe might represent a severe limi-

HgCdTe has been the object of extensive re- tation for the fabrication of large focal plane
search effort during the last twenty years. HgCdTe arrays (FPAs). Nevertheless. although the picture
was originally investigated because of its tunable is not as dark as it looks in the comment [41, and
direct energy bandgap, a strong absorption coeffi- while impressive progress has been made these last
cient at the bandgap energy, and a reasonable ten years. there are still material shortcomings to
dielectric constant even in the narrow bandgap be solved before high yield (low cost) large FPAs
range. Therefore, HgCdTe has been considered to or large scale consumer opto-electronic device ap-
be the best material for infrared (IR) detection plications can be envisioned industrially for
until recently when the concept of IR photodetec- HgCdTe. It is fair to say that the GaAs/AIGaAs
lion by intersubband absorption in superlattices, SL has a number of drawbacks of its own.
first proposed by Smith et al. [I]. has become the One of the problems with the HgCdTe alloy is
subject of intensive work using the GaAs/AIGaAs its sensitivity to elevated temperature. Molecular
system 12]. beam epitaxy (MBE). which has been used to

A recent paper [3] has compared the ultimate grow HgCdTe for almost ten years now, is the
performances of HgCdTe and GaAs/AIGaAs su- lowest temperature growth technique for this al-
perlattice (SL) systems in terms of their potential loy. The low temperature of the growth, in ad-
application in infrared systems. In this paper it is dition, limits the interdiffusion process which al-
reported that the limiting performance of the lows better control of doping and compositional
GaAs/AIGaAs SLs is found to be orders of mag- profile, making MBE the best technique to achieve
nitude below that of HgCdTe for any specific bandgap engineering.
cutoff wavelength and operating temperature. This Another major problem encountered in the
paper has triggered a comment [4] and a response growth of CdTe and HgCdTe when a vapor phase
to the comment [51 from which it appears that technique such as MBE is utilized is the formation
although the fundamental limits for the two of twins. It is well known that twinning is com-
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monly observed in crystals exhibiting the zinc- trol of the extrinsic doping strongly depends on
blende (ZnS) structure. The (111) orientation is the control of the intrinsic doping since the dop-
particularly vulnerable to twin formation but other ing levels for both dopings are not extremely
orientations such as (211) or (311) are also sensi- different.
tive to twinning, and hillock formation, observed The purpose of this paper is to give an updated
during the growth in the (100) orientation, is also overview of the current understanding about the
twin-related [6-9]. formation of twins in the (111)B orientation and

It has been reported by different laboratories their role, if any, in the electrical properties of
involved in the fabrication of IR photodiodes and HgCdTe epilayers grown on CdTe substrates. A
metal-insulator-semiconductor (MIS) diodes that brief overview on the important aspects of the
the presence of twins or hillocks is highly deleteri- heteroepitaxy of CdTe on GaAs and Si substrates
ous for photodiode performance, although no will also be presented. Needless to say, the quality
electrical activity associated with these defects has of the HgCdTe epilayer strongly depends on the
been previously found. crystalline quality of the alternate substrate, i.e.

In recent years, the growth of HgCdTe by MBE CdTe/GaAs or CdTe/Si.
has made impressive progress towards a solution
to the problems arising from structural, electrical 2 Twin formation
and optical properties. Infrared photodiodes with
excellent performance are currently fabricated on While the presence of microstructural defects in
MBE grown layers [10.11]. In addition. MBE offers MBE layers has been established for several years.
a unique potential in terms of heterostructures information regarding their elimination has been
such as homojunctions [12], heterojunctions, laser scarce because such elimination is not a trivial
heterostructures [13,14], tunneling structures [15- problem. Only a few groups have reported some
171. and MIS heterostructures [181 which are ex- success in the elimination of twins in the (111)
tremely important for future technology, orientation [19-21]. Harris et al. [211 using photo-

MBE has now reached a stage where it is assisted MBE on a non-rotating substrate under
planned to be used for the production of electron- very demanding parameter control have obtained
ic devices in competition with other techniques a twin-free material yield of less than 20%. A clear
such as liquid phase epitaxy (LPE) or metalorgan- improvement in structural properties is shown
ic chemical vapor deposition (MOCVD). Three when twins are avoided but no information is
fields of interest are currently actively pursued in given about change in electrical properties.
order to bring the technique to the level of elec- Therefore, since growing in the (I1I)B direction
tronic-device manufacturing: is so difficult, why not use another orientation?
(1) understanding and control of intrinsic and The (I11)B orientation, despite its propensity to
extrinsic doping. form twins is a very important orientation because
(2) growth of high quality epilayer on large fore- the mercury consumption is lower than for the
ign substrates such as GaAs and Si; (100) orientation surfaces. Interfaces are usually
(3) improvement of existing photodetector perfor- very smooth in the (III)B plane, CdTe and
mances through new device concepts such as het- CdZnTe substrates are obtained in high yield in
erojunctions or quantum devices, this orientation and it is so far the most favorable

It is clear from our recent investigations that orientation for growth on GaAs(100) and Si(100)
intrinsic doping in HgCdTe is mostly controlled substrates.
by extended defects such as dislocations, twin Although this problem seems less dramatic or
boundaries. antiphase boundaries and clusters, for at least can be more easily solved, in other direc-
example, and point defects such as Hg vacancies, tions such as (211)B, (311)B and (100), the pro-
Te in antisites, and atoms in interstitial site. It gress achieved towards the control of twinning in
appears also that the formation of these defects is the (111) should be beneficial for the other orien-
crystallographic orientation dependent. The con- tations. In the (100) orientation the formation of



700 J.P. Faurie et al / Control of homoepitaxzal and heteroepitaxial growth of CdTe and tlgCdTe hy MBE

11111 During the first step of epitaxial growth, is-
lands can be formed which will grow and coalesce
to form the epitaxial film. These islands may be of

TWIN AULT type I or type 11 configuration since they are
energetically almost equivalent (fig. 2). Therefore,
twin boundaries will exist after island coalescence
and twin domains will grow in a columnar form.

TWIN FAULT This kind of twinning which is also sf a rotation
type, is sometimes called double positioning twin-

* ning.
pThese two kinds of rotation twins can coexist in'0 ' "the crystal, but one or both can disappear during

S" the growth. It is difficult to observe rotation twins
during MBE growth by electron diffraction be-
cause the streaked (2D) patterns of the type I and
type II configuration are identical to twin-free
streaked patterns: and sometimes roughening of
the surface, which allows 3D diffraction, is not

..... large enough. The twinned domains present in the
___________z crystal are visible on the surface of the crystal

under scanning electron microscopy or catho-
Fig. 1. kamnellar or stacking fault tw~in formed , a 190'

° ne cnigeet.Tn.mcocp rcto
.t rotain aut t o I I I Idirectiondoluminescence investigations in the form of close
rotation abhout the t 11t J direction.

loops as illustrated in fig. 3 for a CdTe layer.
Electron channeling patterns can also help in

the discovery of twins. Fig. 4a and 4b show two
facets and hillocks is a major problem for focal simulated ECPs of a twin-free and a twinned
plane arrays and MIS structures: also hillocks are crystal. The (113) plane family has a 3-fold sym-
twin-related defects [211. metry revealed in the form of a regular triangle in

Therefore the identification and control of twin the twin-free configuration whereas in a twinned
formation is probably the most difficult and most configuration a second inverted triangle is re-
important problem in the MBE growth of HgCdTe. vealed. Fig. 4c shows the ECP pattern of a twinned
The presence of twins in CdTe and HgCdTe epi- CdTe layer similar to the one illustrated in fig. 4b.
layers can be revealed by detailed investigations
involving electron microscopy, cathodolumines-
cence. chemical etching. and X-ray diffraction as t111l
well as election channeling pattern (ECP).

In the zinc-blende structure, the twinning il-
lustrated in fig. I is very often observed. It is a
-rotation" type of twin corresponding to a 180'
rotation about the [1111 normal direction. The ,
stacking of (I I I) plane in the fcc structure changes
from the abc type 1 configuration to acb type If ('il
configuration. The two stackings are equivalent,
the changes require very low formation energy .

since the Cd(Hg)-Te bonds are preserved. This
change can therefore occur several times during TWIN BOUNOARY

the growth. This kind of twinning is sometimes Fig. 2. Double positioning twin formed h% a 180' rotation

called lamellar twinning. about the I1 11 direction.
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Fig. 3. Cathodoluminescence image of a twinned CdTe(l I I)B epilaxer.

These two kinds of twinning can occur in both duces a rapid change in the RHEED pattern.
CdTe and HgCdTe. In HgCdTe, however, due to extra dots are disappearing and the spotty pattern
the high mercury flux used during the growth. we is transformed into a streaky one. This is as ex-
think that a third kind of twinning illustrated in pected. since a (111)A face is a Hg terminated
fig. 5 can occur. This reflection type twin is formed unstable face requiring a high Hg flux. A new
b, a mirror reflection with respect to the (111) antiphase boundary with Te-Te bond is created
twin plane. This produces a change in the polarity reverting the (Ill )A to a (I I )B face.
of the face by creating an anti-phase boundary. As Fig. 6 is a TEM picture of a HgCdTe (1 I1 )B
shown in fig, 5. Hg-Hg bonds which usually re- layer grown on a CdTe(II)B/GaAs(100) sub-
quire high formation energy occur at the plane of strate. It can be seen that the CdTe layer grown
the reflection twin when the Hg flux is too high. on GaAs is full of lamellar twins. At the initiation
This twinning does not occur across the entire of HgCdTe growth twins were visible on the
area of the wafer: therefore, the growing surface RHEED pattern. The growth conditions were kept
exhibits (111 )B and (111 )A orientation simulta- the same for a while and then the substrate tem-
neously. The growth rate of (lll)B and (Ill)A perature was increased by 50'(. Almost instanta-
faces being different [22]. a surface roughening neously the RHEED changed to a twin-free re-
allowing the observation of extra dots in the lated electron diffraction pattern. The TEM mi-
RHEED pattern is associated with this kind of crograph confirrs our in situ observation since a
twinning, twin is visible in the HgCdTe layer and the posi-

During the growth of HgCdTe in the (IlI)B tion where the twin has disappeared corresponds
orientation, extra dots due to twinning are ob- very precisely to the change in the substrate tern-
served when the Hg flux is too high for a selected perature and the RHEED pattern. High resolution
substrate temperature. A decrease in the Hg flux transmission electron microscopy (HRTEM) has
or an increase in the substrate temperature pro- not been able to confirm yet the "reflection"
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nature of the twin since it is extremely difficult to twinning is very unlikely to occur when using a
reveal fine details of atomic structure. However, it single effusion source which delivers a highly con-
is highly probable that this kind of twinning oc- stant Cd/Te flux ratio. Therefore, in the case of
curs when the Hg flux is too high. CdTe, only the formation of the two kinds of

"rotation" type twins has to be prevented. Double
2.1. CdTe (IJ)B iwin-free epilavers positioning twinning which starts at the substrate

epilayer interface seems to be substrate surface
Surface cleaning and growth parameters have preparation related. Regarding lamellar twins.

been thoroughly investigated in order to prevent which form during the growth. we have not vet
twinning. Concerning CdTe. "reflection" type precisely identified which parameter is triggering

t oX

1) 15

Fig. 4 Eectron channeling pattern simulation of a CdTe crystal along the (111) axis: (a) twin-free crystal. 15.0 kV. fcc lattice,
a = 6.481 A: (b) twinned crystal 25.0 kV, fcc lattice, a = 6.481 A. (c) ECP pattern of a twinned CdTe crystal.
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their formation. Concerning CdTe (I1 I )B homo-
epitaxial growth, it has been found that twinning

APB does not occur when the growth temperature is
around 3350 C, nor does it occur if the CdTe
substrate is cleaned at 335 0 C before growth at

APB 250'C. The heteroepitaxial growth of CdTe (111)B

Fig. APBon GaAs and Si substrates is also subject to twin-

________heteroepitaxy has been the object of investigations
CHANE INduring the last few years. It has been found that

___twinning can be avoided by using GaAs substratesCONOIIONStilted 20 off (100) towards [1101 [23-261.
_____CdTe(ll1)B grown on Si(100) is also subject to

BAPB twinning. More details about CdTe growth on
Fi.5. Reflection tw~in formed bv a mirror reflection with GasndSsutresilhegvnae.

respect to the (Il11) plane.

Fig. 6. Transmission electron microscopy of a HgCdTe(1l1)B/GaAsl00) substrate. Only CdTe epilayer exhibiting numerous
lamneflar twins and Hg('dTe epilayer are visible.
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2.2. HgCdTe (II I)B twin-free layers initiation of HgCdTe growth a jump of approxi-
mately 25°C (in our MBE configuration) occurs

The growth of twin-free (Ill )B HgCdTe repre- in the pyrometer reading T, due to scattered IR
sents a real challenge, In addition to rotation type radiation primarily from the hot CdTe cell as
twins, reflection type twins have been observed, illustrated in fig. 7. Immediately T, falls steeply
First of all the substrate or the buffer layer should due to both the rapid decrease in reflectance of
be twin-free. Therefore great care must be taken the block and the fall toward the first minimum in
during substrate preparation and buffer layer the interference pattern related to the presence of
growth as discussed before. The same precautions a thin HgCdTe layer. Once the first minimum is
must be observed during the first steps of the reached, Tp rises toward the next maximum.
HgCdTe growth in order to prevent double posi- Several more oscillations of decreasing amplitude
tioning twin formation. During the growth we follow. After about 1.5 um of growth, the oscilla-
have seen that an increase in the Hg flux or a tions are almost completely gone. At this point Tp
decrease in the substrate temperature can trigger is approximately 15'C higher than the reading
the formation of an antiphase boundary. before growth. This increase is primarily due to

The control of the Hg flux is achieved through increased emittance since the cutoff wavelength of
the use of a constant level Hg cell. During the the HgCdTe is longer than the 2.0 to 2.6 pm
growth and from run-to-run the Hg flux moni- sensitivity region of the pyrometer.
tored by an ion gauge is kept within less than 5t During this time the back thermocouple T,
fluctuation. The control of the substrate tempera- reading has increased by 15-20'C. In other words.
ture T is the most difficult task because what has if TB is kept constant. Ks will decrease. In this
to be controlled is. in fact, the temperature of the case. a constant Hg flux will become too high.
substrate surface Tss. We have verified that the since the Hg sticking coefficient changes drasti-
temperature indicated by the thermocouple located call), with temperature, and reflection twins visible
in the back of the substrate which rotates (1) does in the RHEED pattern will be formed. From these
not give an accurate reading of the substrate tem- experiments it appears that the control of the
perature and (2) does not account quickly for substrate surface temperature 7s, which is a key
surface temperature changes. parameter and should be kept constant within

The use of an IR pyrometer does not represent I°C is an extremely difficult task. The Micro-
an ideal solution either. When Ts is kept constant physics Laboratory has devoted much time in
at 190'C, by using a front thermocouple, at the order to achieve the best control of Tss.

215-

I 210" "

205-

Tp (0C)
200,

195-

0 5 10 15 20 25 30 35 40 4'5 5o 55 60 65
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H-ag. 7. Plot of the temperature pyrometer reading T1. versus t for Hg ,Cd,Te (x 0.26) grown on (d'Te (I I I )B. During the
experiment the surface temperature of the substratc Ls, is kept constant at ItS°C.
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ity approaching or even exceeding 103 cm 2 V
( - [27] and excess carrier lifetime in the range of

(20-100) x 10 - s [28]. An excellent electrical mo-
bility is often considered to be associated with
excellent crystal quality. It turns out that this is
not precisely the case here.

All the layers exhibiting 103 cm 2 V -1 s - have
been investigated using X-ray diffraction. X-ray
rocking curves recorded for (422) reflections have
shown for every layer 6 peaks when rotating the
sample about the (111) axis, whereas only three
peaks should be observed in a twin-free epilayer.
These findings were confirmed by ECP experi-
ments. The first thought was that the presence of

Fig. 8. Electron channeling pattern along the (Ill) axis of a twins does not degrade the hole mobility. In order
twin-free HgCdTe (II)B layer grown on CdZnTe (1ll)B to confirm this, two HgCdTe epilayers (x = 0.25)

substrate, have been grown under the same growth condi-

tions. except that the Hg flux was increased several
Since a front thermocouple cannot be left in times for several minutes during the growth of

place during conventional growth using rotation, a layer A, whereas for layer B the twin-free growth
double control involving a back thermocouple and conditions have been applied. X-ray diffraction
an IR pyrometer along with the knowledge based confirmed that layer B is twin-free and layer A is
on tedious experiments identical to the one de- twinned. Both layers have a p-type character:
scribed before, is currently utilized in the Micro- however, layer A exhibits a hole mobility of 900
physics Laboratory. It is very important to point cm2 V I s '. whereas layer B has only a hole
out that since these observations are certainly mobility of 300 cm2 V - ' s - at 23 K. All the
valid for MBE growth of HgCdTe carried out in twin-free p-type layers grown so far have a hole
any MBE machine and using a substrate mounted mobility not exceeding 500 cm2 V 1 s
with gallium on a molybdenum block, the magni- In addition, the carrier concentration N., - N,
tude of relative changes between TB. Tp and Ts for p-type twinned layers has been consistently
will depend strongly on the substrate heater tech- found to be in the (1-5) X 10"' cm range and
nology and effusion cell geometry. These investi- from Hall data curve fitting NA has been calcu-
gations have resulted in better control of the lated to be in the (5-8) x 1016 cm ' range. as
surface preparation. of the stability and reproduci- reported before 129]. For p-type twin-free layers,
bility of all the fluxes, and of the substrate surface the carrier concentration is much lower: N, - N1,
temperature. This improvement has been con- is in the low 101- cm 3 range. The decrease in
firmed by the growth of twin-free HgCdTe (111 )B N, - N,, is so drastic for twin-free layers that
illustrated in the ECP of fig. 8 and excellent many of them are n-type. Anyway the lower hole
results for epilayers grown in (211)B orientation mobility in twin-free layers cannot be explained
presented in section 4. by an increase in scattering due to a larger accep-

tor concentration since it is the opposite. There-
fore, it is concluded that electrically active accep-

3. HgCdTe (IlI)B - comparison between twinned tors and high hole mobility are related to a high
and twin-free layers Hg flux during growth, which has triggered the

formation of reflection twins along with Hg-rich
Hg - ,-Cd,Te twinned layers grown by the Mi- alloy zones in the crystal.

crophysics Laboratory in the (III)B orientation Hg, -,,Cd.Te grown at 200'C under Te-ich
usually exhibit a p-type character with hole mobil- conditions (such as MBE) but under thermal equi-
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Table I
Main differences between (111 B twinned and twin-free lavers grown by MBE

Conduction N, - NI) Hole mobility EPD Residual doping level
type (p-type lavers) (cm 2 

V s ) (cm 2) after isothermal annealing
(cm ') (cm -')

Twinned layer p-Type (2-5)x 10 ' 800-1600 106'-107 5x 10'5-2X 10 (n-type)
lwin-free layer p-Type or n-type (1-2) x 10,5 300-500 104-105 5 x 10'5-2x 10>' (n-type)

librium conditions (unlike MBE) should produce secondary Ion mass spectrometry data. A fraction
an intrinsic hole concentration due to Hg vacan- of the indium has been found to be fast diffusing
cies close to 1 X 101' cm 3 [30,31]. It appears that through a defect related matrix.
in the (11 lB orientation MBE grown twinned Another important difference related to etch-pit
idvers have p-type doping levels exceeding that density (EPD) has been found between twinned
expected from growth under thermodynamic equi- and twin-free layers in good agreement with ref.
librium at the same temperature. In addition, the [21]. EPD count which is related to dislocation
fact that fast low temperature isothermal density. is determined using a defect chemical
(mercury-rich) anneals make the (lll)B materials etching solution suitable for the investigated crys-
even more p-type leads us to believe that extended tallographic orientation. One can see in table I
defects are mostly responsible for the electronic that by eliminating twins. EPD can drop
activitv in the as-grown material. The increase in tremendously, indicating a drastic improvement in
the acceptor level could be explained by the pres- the crystal quality unexpectedly associated with a
ence of numerous (II)A planes in the twin decrease in the hole mobility measured by Hall in
boundaries and antiphase boundaries. As reported p-type layers.
before [22] a (11 )A plane which is Hg terminated Very long isothermal annealings have been per-
t, very unstable and thus should have a Hg-vacancy formed on twinned and twin-free (111 )B HgCdTe
density higher than the one thermodynamically layers and very similar residual doping levels have
calculated for a bulk crystal. The existence of been found. The materials are n-type with a back-
Hg-rich alloy zones might also explain a higher ground levels in the 5 x I0C to 2 x 10"' cm 3

Hg vacancy concentration. range. This background does not seem to be con-
Concerning the high hole mobility no clear trolled by residual impurities. SIMS analysis indi-

explanation has vet been found. However, the cates that MBE layers are very clean. Although all
excess of mercury induces the formation of Hg the complex relationships between growth param-
antiphase boundaries, as well as Hg-rich alloy eters and intrinsic doping are not fully understood
zones. Therefore. numerous type Ill (semimetal- it is currently postulated that the residual donor
semiconductor) interfaces exist within the crystal, doping level in MBE grown HgCdTe layers is due
It has been discovered and explained [32.331 that a to tellurium atoms in antisite positions. i.e. replac-
high hole mobility due to light heavy hole effective ing Hg atoms [35].
mass is associated with Type Ill interface. How- Table I provides a brief summary of the main
ever. it is possible that with the presence of Hg-rich differences between (1l1 )B twinned and twin-free
antiphase boundaries and therefore the existence layers grown by MBE.
of type IlI (semimetal-semiconductor) interfaces.
similarities with the high hole mobility observed in
type IIl HgTe-CdTe superlattices exist [32,33]. 4. Growth in (211)B orientation
Indium diffusion experiments which have been
carried out in doped quantum well (111)B struc- The progress accomplished in the growth in the
tures [34] have shown that several In diffusion (111)B orientation has been used to control in a
coefficients are required to explain the observed better way the growth in different orientations.
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We have devoted our recent efforts to grow along T-

the <211) azimuth where the twinning problem
does not appear as severe as in the (lll)B. The
layers grown in the (211)B orientation under the
stringent growth control previously discussed ex-
hibit excellent properties. As an example the layer
No. 1008 has the following characteristics:

Cn

x = 0.18:
thickness: 16.2 um; Z
N,- N: 1.9 x 10 4 cm 3 at 15 K;
electron mobility: 1.1 X 106 cm 2 V-' s-1 at 15 K:
lifetime: 9 x 10 6 s at 250 K; 2.2 x 10' s at 77 .
K. 1.58 1.59 1.6 1 61

ENERGY (eV)

This result reflects the state-of-the-art of the Fig. 9. 10 K photoluminescence spectrum of CdTe on

growth of HgCdTe alloys in the Microphysics GaAs(100) tilted 20 towards [1101. excited with a 50 mW Ar

Laboratory. These results are at least as good as laser at 514.5 tim wavelength.

the best results ever reported for HgCdTe grown
by any technique for this composition. Diodes
fabricated on twin-free (211)B layers showed im-
proved operational yields [36]. layers of CdTe on GaAs and Si by reflection

high-energy electron diffraction, double-crystal
X-ray diffraction, photoluminescence (PL) spec-

5. Heteroepitaxial growth on GaAs and Si troscopy and scanning electron microscopy (SEM).
In MBE, CdTe normally grows in the (111)B

An increasingly important aspect of molecular orientation on GaAs(100). A full-width at half-
beam epitaxy is the heteroepitaxy between dissimi- maximum (FWHM) of the X-ray double-crystal
lar materials. For the growth of HgCdTe and rocking curves (DCRCs) on the order of 120-140
related compounds. the use of GaAs and Si sub- arc sec is now obtained on a routine basis. Slightly
strates is particularly attractive. While the growth lower values are obtained on misoriented sub-
of CdTe and HgCdTe on GaAs by MBE has been strates. which have the additional advantage of
studied for many years [24.37.381, the direct growth suppressing twinning in the CdTe layers. These
of single-crystalline CdTe and HgCdTe on silicon layers yield strong PL spectra at 10 K (fig. 9), with
was reported only recently [391. a FWHM of only 0.7 meV of the acceptor bound

The advantage of GaAs compared to CdTe or exciton peak at 1.590 eV attributed to the pres-
CdZnTe substrates is its low cost, better mechani- ence of acceptors such as Cu or Li. Na [40]. This
cal strength and surface area. Regarding these confirms the high structural quality of these layers.
characteristics, silicon substrates are even superior Their morphology is excellent, with no features
to GaAs, and in addition, if good HgCdTe can be detected by SEM. Finally, for CdTe(lll)B on
grown on silicon, it could eventually become pos- 2-inch diameter GaAs(100) wafers, the standard
sible to produce large-area monolithic infrared deviation of the layer thickness is only 0.24%, with
focal-plane arrays, combining HgCdTe infrared a total thickness variation of ±0.5% when the
detectors with silicon integrated circuits for signal growth is carried out in the new multiwafer RIBER
processing. OPUS 45 MBE machine.

On any kind of substrate, HgCdTe is usually CdTe(100) can also be grown on GaAs(100) by
grown on a CdTe buffer layer. Therefore, it is very MBE. but these layers are usually of inferior qual-
important to optimize the growth of CdTe on ity as compared to CdTe(lll)B on GaAs(100).
GaAs and Si. We have characterized MBE-grown Whether CdTe(100) or (111 )B is obtained depends
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on the details of the substrate cleaning procedure
[381.

Because the problem of twinning is less severe
for the (211) orientation as compared to the (111 ).
we recently grew CdTe on GaAs(211I)B. Similar to
what was found on GaAs(100), we observed two
growth orientations, which depended on the clean-
ing temperature. For cleaning temperatures above
550 0 C. (211) growth occurred, whereas for clean-
ing temperatures of about 540'C. (133) growth
was obtained. The coincidence axes for
CdTe(133)/GaAs(211)B are CdTe<011) 11
GaAs(011) and CdTe(611I ) GaAs/11 ! ). We also
found that. whereas the CdTe(133) planes have no
tilt with respect to the GaAs(211)B planes, the
CdTe(211) planes tilt 3' toward the GaAs[011] Fig. 1I. 6gum thick CdTe layer on a 5-inch Si(100) substrate.

axis. The X-ray DCRC full-width at half-maxi-
mum (F) of the CdTe(333) reflections furthermore
revealed that the crystalline quality of the
CdTe(133) growth is better than that of the
CdTe(21 1) growth, as might be expected since the
mismatch in the surface nets is only 2.0% along
the CdTe(611> IGaAs(lll ) coincidence axis. as
opposed to 14.6% mismatch in the bulk lattices.
For the CdTe(133). P = 134 arc sec. while for the
(211). F = 160 arc sec. These results are not far
from our best results on GaAs tilted 20 off (100)
toward [110].

CdTe grows in the (111)B orientation on Si(100)
[39. Two epitaxial relationships are possible be-
tween the two materials, corresponding to the
[211] CdTe axis parallel to either the [011] or the
[011] Si axis. This introduces two domains ori-
ented 900 apart in the epilayers. If the substrates
are tilted towards <011). the [011] and [0411 direc-
tions are no longer equivalent, and single-domain
films are grown. These situations result in very
different surface morphologies. This is illustrated
in fig. 10. showing the SEM images of CdTe
grown on Si(100) and on Si(100) tilted 80 towards
[011]. As expected, the single-domain films have
better surface morphology. Furthermore. twin-free

Fig. 10. Scanning electron microscope image of the surface of layers of CdTe(1l1)B can be grown on Si(100)
two CdTe layers grown on Si: (a) 9,pm thick CdTe on Si(100): tilted 80 towards [011], whereas the layers on

(b) 4 Im thick CdTe on Si(l00) tilted 8° towards Ill0. Si(100) are highly twinned. This is deduced from
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electron channeling patterns as well as from trans- A comparison between HgCdTe twinned layers
mission electron microscopy [41]. and twin-free layers shows that electrically active

PL spectra measured at 12 K confirm the su- acceptors along with high hole mobility arise from
perior quality of the layers grown on tilted sub- a mercury overpressure during HgCdTe growth.
strates. The FWHM of the 1.593 eV bound-exci- Etch pit densities as low as 8 X 104 cm- 2 have
ton peak is 3 meV for CdTe on Si(100) 80 off been counted on twin-free HgCdTe layers which
towards [0111 and 4 meV for CdTe on nominal are two orders of magnitude lower than EPDs of
Si(100). Also. under low excitation, the intensity twinned layers. From annealing experiments it has
ratio between the bound exciton peak and the been found that a residual donor doping level in
defect bands is much higher for CdTe on tilted the range between 5 X 10' 5 and 2 X 1016 cm -' has
silicon substrates. Because CdTe can be grown on been measured in both twinned and twin-free
Si(100). it is now possible to produce very large HgCdTe epilayers. It is currently thought that this
monocrvstalline layers of CdTe by MBE. residual doping is due to antisite Te atoms.

Recently, a 6 t'm thick 5-inch diameter layer of CdTe and HgCdTe have been grown for several
CdTe was grown on Si(100) by MBE [42]. This is years now on GaAs(100) substrates but much
the largest single crystal of a Il-VI semiconductor more recently on Si(100) substrates. The quality of
ever produced by any technique. This film is very CdTe grown on GaAs has been improved as con-
shiny and mirror-like over its entire surface, as firmed by a FWHM of the acceptor bound exci-
illustrated by fig. 11. The thickness of this laver is ton peak at 1.59 eV of only 0.7 meV at 10 K.
very uniform with a standard deviation of only Single domain CdTe twin-free films have been
2.3% and a total thickness variation of +3.3%. grown on Si(100) tilted 8' towards [011]. Excel-
Furthermore. it is interesting to note that this lent thickness uniformities have been obtained for
laer has the narrowest DCRC measured so far CdTe. On 2-inch diameter GaAs(100) the stan-
for CdTe on silicon. with an average FWHM of dard deviation of the layer thickness is only 0.24%
514 arc sec versus 570 arc sec for the best of our and is 2.3i on 5-inch diameter Si(100).
2-inch samples. The structural uniformity is also
excellent: the standard deviation of the FWHM of Acknowledgements
the DCRCs is only 17 arc sec for the 5-inch
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Application of the RHEED oscillation technique to the growth
of II-VI compounds: CdTe, HgTe and their related alloys

L. Ulmer, N. Magnea, H. Mariette * and P. Gentile
Service de Physique, D~parternent de Recherche Fondamentale, Centre d'Etudes Nucl~aires de Grenoble.
85 X. F-38041 Grenoble Cedex. France

The RHEED oscillation technique has been used to study the growth mechanism of (001) oriented CdTe. HgTe and Cd, Hg 1 -

Te li-VI compounds. For Cd or Hg stabilized surfaces, the two-dimensional layer-by-layer growth provides intense oscillations. The,
are used to measure the influence of growth parameters (substrate temperature, flux ratio, growth interruption) on growth rate and
alloy composition. It appears that the molecular beam epitaxy of these II-VI compounds is strongly affected b., the non-unity
sticking coefficient of Cd in a very wide temperature range (140-400 C) and that kinetic effects are important.

I. Introduction ical measurements of alloy compositions. is that
So , is strongly affected by the interactions with

The development of high quality CdTe- Hg atoms and that kinetic phenomena are im-
Cd,Hg, ,Te heterostructures for infrared detec- portant for the incorporation rate of Cd and Hg.
tion or emission systems requires a tight control of
layer thicknesses and interface smoothness. The
reflection high energy electron diffraction 2. Experimtntal
(RHEED) oscillations can provide such informa-
tion [1]. The samples are grown in a Riber 32 P system

In this paper we report on the use of this on (001) Cd,, Zn 04Te and CdTe wafers. The
technique for an extensive study of the growth of substrate temperature T is measured with a ther-
(001) oriented CdTe, HgTe and CdHg, ,Te al- mocouple in contact with the rear face of the
loys by molecular beam epitaxy. Molyholder. Prior to growth. the substrates are

After a short description of the experimental annealed at 340'C and a thin layer of CdTe is
procedure in section 2. section 3 deals with the grown to produce a smooth surface. For CdTe
sublimation and growth mode measurements of growth, a CdTe cell is used in conjunction with a
CdTe. We demonstrate the non unity value of the Cd cell to vary the flux ratio R = Cd/Te. A con-
Cd sticking coefficient Scd and the need to work stant level Hg cell, a CdTe and a Te cell are used
under Cd-rich conditions. The growth of to grow CdHg, ,Te (CMT) layers. The RHEED
CdHg, ,Tv is developed in section 4. Intense oscillations are recorded with a 40 kV e gun and
RHEED oscillations are observed for the whole standard collection optics (lens, fiber) [21.
composition range and show that the growth of
fig compounds also takes place by a 2D layer-by-
layer mode. The main result, obtained from a 3. (001) CdTe growth
comparison between the RHEED data and chem-

The growth and sublimation of CdTe layers are

Laboratoire de Spectromntrie Physique. Universit5 J. Four- performed between 140 and 420' C. For a Cd/Te
ier. F-39042 Grenoble (dex. France. flux ratio R = 1. the surface exhibits the (2 X 1)

(0)22-0248/9I/03.50 , 1991 - Elsevier Science Publishers B.V (North-Holland)
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1 cal. R.1

CdTe.Cd2 tCdTe-- a o- ' b
200 300 400 I Ts

A/2

1- •

.5-

.3 -
.2-

Cd .1 -

Cd vacuum-

Cd sec , 1 ,l d

1.5 2 2.5 O/Ts

Fig 1. (a RHF.I) oscillations recorded during the growth of CdTe at T, = 2400 C with and without Cd additional flux. (b) Growth
rate versus T. for R = 11 x ) and R = 2( . The solid line corresponds to the growth rate variation deduced from an equilibrium
thermodnamic calculation for R = 1. (c) RHEED oscillations recorded during CdTe sublimation under vacuum or with a 3 X 10
Cd oserpressure at T, = 385 oC. (d) Plot of the desorbing rate during sublimation ( x ) and growth (A). The activation energies are 1.9

eV for sublimation and - 0.3 eV during growth for T, _ 
"6 o C.

Te-rich reconstruction. With an additional Cd flux from RHEED oscillations (figs. Ic and Id). The
(R -2). this structure is strongly damped and a strong difference between the calculated and ex-
faint c(2 x 2) is observed, which becomes pre- perimental curves for R = I indicates that varia-
dominant at growth interruption under Cd flux tion of growth rate with T is not due to CdTe
131. Fig. la shows the RHEED oscillations re- sublimation, but to the sticking coefficient of Cd
corded for a growth temperature of 240'C with which is less than I above 200'C. In addition, if
and without an additional Cd flux. The growth we plot as a function of T (fig. Id (A)). the
rate and its dependence on R are then measured evaporation rate during growth (i.e. the difference
directly by opening or closing the Cd cell shutter. between the growth rate r measured at T and the
This is observed as a function of T, in fig. lb. We growth rate r, measured below 180'C where the
observe a net enhancement of growth rate when R Cd incorporation is equal to 1). we obtain an
increases with a saturation below 180°C. where activation barrier of 0.3 eV to be compared to 1.9
desorption rate becomes negligible. On the same eV for the sublimation rate (fig. Id (× )), As a
curve we have plotted the growth rate for R = I consequence of this low value of S,. Te adatoms
calculated by assuming that desorption of CdTe is should also desorb to maintain surface stoechiom-
given by the equilibrium vapor pressure of Cd and etry and to provide high quality growth. Above
Te, over CdTe. For this calculation the K ,(T) 250'C. excess Te reevaporates easily and it is
reaction constant has been obtained from the sub- then possible to grow CdTe with R = i, but the
limation rate obtained between 350 and 420*C high evaporation rate of CdTe induces surface
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roughening and macroscopic defects [4]. Ad- 6

ditional Cd flux is then needed to have a smooth
growth front with high surface mobility in order C s.
to get sharp interfaces [2]. Below 220 C, Te de- COHgTe
sorption rate is lower, so that additional Cd is still 4-

necessary to "consume" the Te excess and to
provide high quality layers [5].

2 "CdTe"

0
4. (001) Cd]Hg _ -Te growth 0 1

An example of the RHEED oscillations ob- 01 0 1 2 0
tained for CMT growth at T, = 1800 C is shown in Hg flux (10-5 BEP)
fig. 2. As we use a Te and a CdTe cell, it Fig. 3. Variation of Cd,Hg1 -,Te and "CdTe" growth rate
possible to observe oscillations for the growth of measured by RHEED oscillations versus the Hg beam equiv-

HgTe (fig. 2a), "CdTe" (meaning CdTe grown alent pressure (BEP).
under Hg flux) (fig. 2b) and CdHg -,Te (fig. 2c).
Each oscillation corresponds to the growth of one
monolayer for each component and we verify that flux, indicating appreciable surface mobilities of
rcMT = rHgT + r,.CdTe.., where r is the growth rate. Te and Cd at such low temperature. The in-situ
During growth and interruptions, the Hg cell is measurements of growth rate allow us to measure
kept open and the surface exhibits the c(2 x 2) its dependence on the Hg flux. From fig. 3 it is
structure. After damping out, the oscillations are evident that r(-MT decreases when the Hg flux
recovered by a 30 s growth interruption under Hg increases. This effect results from the reduction of

the mean free path of Cd and Te, species by
o 0collision with Hg atoms whose pressure is typi-

r A: 1.9 /S r: 4.1 A/S r :6.4 A/S cally 10-4 Torr [6]. This reduction is totally inde-

pendent of the substrate temperature (it is also
observed at 340'C for CdTe growth with and
without the Hg flux), confirming that it does not
involve a surface reaction effect.

lAs shown in fig. 2. the growth rates of HgTe.
"CdTe" and CMT can be obtained simulta-
neously and the alloy composition can be calcu-

FI lated, depending on the Cd incorporation rate. If!the sticking coefficient S'd of Cd is unity (case 1)
then the alloy composition XCd is given by

yHFTf) = r.(.dTO.- r.. CdT,..(11 r..(-dT., + rHgTe 'CMT

5 sse c
If SCd is below unity (case 2), then by opening

the CdTe cell with a Hg flux impinging on the
t Te tCdTe tCdT Te substrate we grow CdHg, _Te instead of CdTe

a b c as case 1 and x cannot be given directly by
relation (1). In order to know the amount (I - S)

Fig. 2. RHEED osillao T,=1800 C for (a) HgTe. (b) of Hg incorporation, we have grown several 4 pm

cell shutter is kept open during the growth and the interrup- thick "Me" layers under Hg and in the same
tions. run CMT layers under the same conditions. The
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5. Discussion and conclusion

70 8 case 1 The real time growth measurements carried out

65- S(Cd)= I by the RHEED oscillation technique show that
6 n1 cation stabilized growth of CdTe and Cd, Hg _ Te

S60 proceeds by 2D nucleation. In this regime the

4) ssgrowth rate for CdTe and the CMT alloy com-
positions are mainly determined by the sticking

x so coefficient of Cd which can be far below unity

45 - case 2 and depends strongly on substrate temperature
S(Cd)<l and Hg overpressure for the CMT case. The most

40 striking effect is that SCd, which is measured as
- I at 180'C for CdTe. falls to 0.7 when a Hg

35 4 4 50 55 60 65 0 7 5 flux is added. This shows that kinetic interactions
3IR % take place between cation species on the growingFig. 4. Composition of MCT alloys (XRH D) deduced from surface leading to a competition between Cd and

RHEED oscillations and compared to IR transmission mea- Hg adatoms to occupy available sites for incorpo-
surements (.1-1k. Case 1: X'C. calculated from RHEED by ration. This is confirmed by the growth of
assuming a Cd sticking coefficient of 1 at 180* C. Case 2: Xcd CdHgt _,Te on (001) misoriented substrate where
calculated from RHEED after correction by the actual value of an enhancement of SCd is observed due to a more
sd deduced for each sample from the composition measure- efficient incorporation of Cd at step edges. All

ment of 'CdTe grown under Hg flux, these observations enlighten the importance of

surface kinetics in MBE of II-VI compounds.
RHEED oscillations are recorded for each sample
and the compositions are deduced from the band
gap energy position given by IR transmission (the Acknowledgements
band gap is detcimined at 50% transmission). It is
shown firstly that an important amount of Hg The authors wish to thank C. Denaeyer and K.
(1 - S--- 30%) is incorporated in "CdTe" grown Saminadayar for IR measurements and M. Rom-
under Hg [7]. indicating that case 2 should be meluere for microprobe analysis.
considered, and secondly that the incorporation
rate depends on substrate temperature and growth
rate. The knowledge of Sea allows us to calculate References
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A novel technique for the MBE growth of twin-free HgCdTe

R.W. Yanka, K.A. Harris, L.M. Mohnkern and T.H. Myers
Electronics Laborators, General Electric Company. Syracuse, New York 13221, USA

A novel photon-assisted MBE technique, compositionally modulated structures (CMSs). has been developed to suppress twinning
in MBE HgCdTe growth. Strain effects, introduced by thin CdTe layers, suppress planar twinning as well as lowering dislocation
densities. A CMS epilayer consists of multiple repeats of a basic unit comprised of a thick (500-1500 A) layer of HgCdTe and a thin
(20-50 A) layer of CdTe. The CMS epilayer is then interdiffused in a sealed quartz ampoule at temperatures consistent with n-type
(or p-type) annealing producing isotropic HgCdTe suitable for infrared detector array fabrication. CMS has also been successfully
applied to the low defect density growth of HgCdTe on the slightly lattice-mismatched CdTe substrates. This is an important result
because CdTe substrates are less expensive, more chemically pure, and more readily available than the lattice-matched substrate
CdZnTe.

1. Introduction quality of MCT epilayers [1]. In this paper, we
first report on the significant improvements

Molecular beam epitaxy (MBE) has become an achieved at General Electric (GE) for the growth
important technology for the growth of the im- of MCT on (111)B oriented CdTe and CdZnTe
portant infrared (IR) ternary Hg1 - Cd Te (MCT). substrates using PAMBE in conjunction with tight
MBE is particularly suited for MCT growth be- control of critical growth parameters using GE's
cause the slow, controlled growth rates and low custom MBE equipment. We then report the re-
growth temperatures make possible the growth of suits of our novel growth technique, composition-
multilayer structures and superlattices for ad- ally modulated structures (CMSs), used in con-
vanced device applications, junction with the PAMBE technique to grow high

However, the growth of MCT by MBE has yields of twin-free, low dislocation MCT quite
been plagued by the formation of microstructural suitable for the fabrication of high performance
twinning defects and a high level of line disloca- IR detector arrays.
tions. These defects are sources of dark currents
and noise generation in IR MCT detectors. The
reduction of these defects has been a major hurdle 2. Experimental
for the routine use of MBE MCT for fabricating
high performance IR detectors. Twin defects oc- The growth of MCT epilayers was carried out
cur on the (111)B orientation in the form of in two custom-made MBE machines modified for
laminar twin domains arising from hexagonal PAMBE growth [1]. An argon ion laser equipped
stacking faults. Line dislocation defects are pro- with broadband optics was used as the illumina-
duced by non-optimal growth parameters and from tion source for all growths. Epilayers were grown
lattice mismatched heterointerfaces. The reduction without buffer layers directly onto CdZnTe and
of these defects has been a non-trivial problem CdTe substrates obtained from II-VI, Inc. GE's
due to the relative instability of MCT. proprietary substrate preparation, which includes

The first application of the photo-assisted MBE a combination of standard wet etching techniques
(PAMBE) technique to the growth of MCT pro- and thermal processing prior to growth, has been
duced significant improvement in the crystalline shown to produce high quality growth interfaces

0022-0248/91/$03.50 " 1991 - Elsevier Science Publishers B.V. (North-Holland)
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without the complexity of a buffer layer [2]. Epi- 3. Twin-free growth by parameter control
layers were grown at temperatures ranging from
170 to 180*C during this study. A Varian beam MCT grown by MBE on the (111)B orientation
flux monitor was used to provide a precise de- typically contains a high density of laminar twin-
termination of the flux from the thermal sources, ning arising from hexagonal stacking faults during
thus enabling reproducible growth conditions. growth. Fig. la shows a defect etch micrograph

The composition of MCT epilayers grown for which reveals laminar twinning typically observed
this study was determined by IR transmission and in (I11)B MCT grown by conventional MBE. Twin
IR photoluminescence. Defect etching was accom- domains also affect the DCRC full width at half
plished through the use of standard etches [3]. maximum (FWHM) as evidenced by the large
Double crystal X-ray diffraction rocking curves value of 150 arc sec observed for this layer. By
(DCRCs) were measured at GE Corporate Re- changing the growth kinetics through the use of in
search and Development Center. Transmission situ laser illumination of the substrate, a dramatic
electron microscopy (TEM) characterizations were improvement in the laminar twinning density was
performed at Purdue University under the direc- observed, as illustrated in fig. lb by the defect
tion of Professor Nobuo Otsuka using iodine thin- etch micrograph obtained from a (111)B MCT
ning techniques. layer grown by PAMBE. A reduction of twinning

ac

Fig. 1. Defect etch micrographs of (a) a (III)B MCT epilayer grown by conventional MBE, and (b) one grown by PAMBE. along
with (c) a TEM cross-section obtained from the layer grown by PAMBE. The smooth defect-free interface indicates proper initial
growth conditions. The onset of twinning after the deposition of about 1 um of material indicates that twinning occurs due to

inadequate parameter control.
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is clearly observed as evidenced by the larger twin of laminar twinning. The etch pit density (EPD)
domains. The DCRC FWHM of 40 arc sec ob- count of line dislocations inside a twin domain
se:-ved for this sample also attests to the reduction was 5 x 10' cm -2 .Although this EPD count is

comparable to that of many LPE MCT films, the
+10% density is still an order of magnitude larger than

-Skngcmw that required for advanced detector fabrication.
Tw~n~eThe TEM cross-section micrograph of fig. Ic

obtained from the (1 1)B MCT layer shown in fig.
AN o lb illustrates that laminar twinning arose as a

result of deviation from optimal growth parame-
ters during deposition as evidenced by the onset of
twinning after the growth of I jum of material
beyond a smooth, dislocation- free substrate-epi-

-10 layer interface. A systematic study of the effects of
176 1S0 184 altering Hg overpressure and substrate tempera-

Tsubstrate ('C) (a) ture during growth determined that these parame-
ters had to be tightly controlled in order to pro-
duce twin-free (111)B MCT epilayers. Fig. 2a
graphically illustrates that the substrate tempera-
ture must be maintained to within + 10C of the
optimum while simultaneously controlling the Hg
flux to within a few percent in order to achieve
twin-free growth. The absence of twin domains in
the defect etch rricrograph (fig. 2b) from a 10 Itm
thick (111)B HgCdTe epilayer grown by PAMBE
within this twin-free existence domain illustrates
laminar-twin-free growth. Laminar-twin-free films
also exhibited reduced DCRC FWHMs of 13-25

ism arc sec and EPD counts of 1*x 105 cm-2 . well
within the range required for fabrication of high
performance IR detectors.

4. The CMS technique

~The critical control of the Hg flux and the
substrate temperature required for twin-free (I1 I )B
MCT growth is difficult to achieve and has limited
the yield to less than 20%. To circumvent this
problem, we have developed a new MBE MCT
growth approach, compositionally modulated
structures (CMSs,. The first step of this two-step

b) process is to grow an epilayer consisting of alter-
nating layers of MCT (500-1500 A thick) and

Fig. 2. (a) Graphic representation of the twin-free existence CdTe (20-50 A thick). The second step is to
domain as a function of Hg flux and substrate temperature and ana h plyri lsdqat mol
Nb defect etch miicrographss of a 10 um thick fI 1$B MCT ana h plyri lsdqat mol
epilayer grown by PAMBE within this existence domain il- under standard conditions in order to interdiffuse

lustrating twin-free growth. the layers to produce isotropic MCT. The ra-
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tionale behind such an approach is that the thin substrate shown in fig. 3. Dislocations due to the
CdTe layers will serve to suppress planar twinning slight lattice mismatch are observed at the inter-
due to interface strain caused by the slight lattice face, as well as threading dislocations arising from
mismatch between the constituent layers. The the substrate. The dislocations die out at about 0.2
multiple layers in the CMS structure also serve to /Im from the interface, consistent with the CMS
block threading dislocations, analogous to that growth technique suppressing the propagation of
observed in III-V systems. threading dislocations through dislocation bend-

Indeed, the CMS approach was found to result ing.
in the growth of twin-free (Il)B MCT with a CMS is also effective in blocking dislocations
substantially improved yield of 87%. This result which arise from the use of lattice mismatched
indicates that the CMS technique allows for a substrates. Fig. 3b shows two MCT epilayers
greater latitude in parameter control. Also, CMS grown on (21 1)B CdTe substrates. The layer grown
epilayers typically exhibit EPD counts lower than without CMS has the high EPD consistently found
that observed for the substrates on which they are with the use of slightly lattice mismatched CdTe.
grown. indicating that line dislocations are sup- The layer grown by CMS, however, exhibits a
pressed by the CMS technique. Stronger evidence significantly reduced EPD indicative of the sup-
for this claim is given by the TEM cross-section of pression of line dislocations. This is an important
an unannealed CMS structure grown on a CdTe result because the CMS technique allows for the

(a)

400X
I' -- 50pro(b

~400X

Fig. 3. Illustration of the line dislocation bending property of the CMS technique. The TEM cross-section (a) obtained from a CMS
epilayer grown on a CdTe substrate shows elimination of the dislocation structure at about 0.2 Am. The defect etch micrographs (b)
show a reduction in EPD counts upon going from the PAMBE technique (upper micrograph) to the PAMBE/CMS technique (lower

micrograph) for MCT growth on slightly lattice mismatched CdTe substrates.



R. W. Yanka et at. / Novel technique for MBE growth of twin-free HgCdTe 719

growth of low dislocation density MCT on CdTe (Ill)B MCT. The CMS technique was also shown
substrates suitable for advanced IR detector fabri- to bend line dislocations allowing for the potential
cation. CdTe substrates are cheaper, purer, and growth of low dislocation density MCT on
more readily available than lattice matched lattice-mismatched substrates, such as CdTe or
CdZnTe substrates. In addition, the ability of the GaAs.
CMS technique to block threading dislocations is
attractive for the potential use of substrates with
even greater lattice mismatch, such as GaAs. Acknowledgement

This work was supported by GE Internal Re-
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Very low temperature growth and doping of Hg-based epilayers
and superlattices

Y. Lansari, Z. Yang, S. Hwang, F.E. Reed, A.T. Sowers, J.W. Cook, Jr. and J.F. Schetzina
Department of Phrsics, North Carolina State Universit,. Raleigh, North Carolina 27695-8202 USA

Photoassisted MBE growth of Hg-based thin films at very low temperatures (125-150'C) is reported. Substitutionally doped
superlattices were also prepared at low temperatures, using modulation doping techniques in which In and As were used as n-type
and p-type dopants, respectively. The doped superlattices exhibit excellent electrical properties and optical properties characteristic of
2D quantum structures. Analysis of the measured absorption data yields a valence band offset of - 350 meV for the HgTe-CdTe
interface.

I. Introduction flux use in the growth experiments: beam equiv-
alent pressures as low as 5 X 10' Torr were em-

In recent years, molecular beam epitaxy (MBE) ployed, nearly an order of magnitude less than
growth of HgCdTe for infrared (IR) detectors and fluxes used for ordinary MBE growth at conven-
of related superlattice structures has seen steady tional temperatures. The layers were grown on
improvements. Advances in device fabrication [1,2] (100) CdZnTe substrates with the CdTe and Te
as well as in understanding of the fundamental source fluxes adjusted to obtain 0.6-3 A/s growth
physics of this material [3,4] have been made. rates. HgTe layers and HgTe-HgCdTe super-
However. a few difficulties still remain to be over- lattices grown under these conditions exhibited
come. In particular. p-type substitutional doping good structural quality, with double-crystal X-ray
of the Hg.Cd,),Te alloy, suitable for IR detectors diffraction peak FWHMs in the range 28-300 arc
in the 8-12 pxm range. has not been achieved to sec. Pyramidal hillock densities in the range 10-
date, although viable alternatives have been dem- 10" cm -2 were measured for all samples.
onstrated [5]. Additionally, growth on (100) is still Substitutionally doped superlattices were also
plagued by structural defects, namely pyramidal prepared at low temperatures, using modulation
hillocks of densities 105-106 cm-2 which seri- doping techniques in which In and As were used
ously limit device applications [6]. Other issues of as n-type and p-type dopants, respectively. The
concern are the interdiffusion effects observed in doped superlattices exhibit excellent electrical
SLs grown at conventional MBE temperatures [7]. properties (p > 105 cm2/V s., LP- 10 cm2/V . s)
A possible -olution to several of these problems is and optical properties characteristic of 2D quan-
offered by very low temperature MBE growth. tum structures. Analysis of the measured absorp-
which is feasible by use of the photoassisted MBE tion data yields a valence band offset of - 350
technique [81. meV for the HgTe-CdTe interface.

In this paper, we present results of an investiga-
tion of the growth parameters for very low tem-
perature growth (125-150'C) of Hg-based films 2. Experimental details
and multilayers by photoassisted MBE. This ap-
preciable reduction in growth temperature has al- The HgTe epilayers and the HgTe-HgCdTe
lowed us to substantially reduce the Hg source SLs included in this study were grown on 5 mm × 7

0022-0248,'l'$03.50 17' 1991 - Elsevier Science Publishers B.V (North-Holland)
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mm high-quality (100) CdZnTe (4% Zn) substrates reflectance at room temperature. Photographs of
furnished by SBRC and II-VI, Inc. The substrates selected sample surfaces were obtained using a
were chemimechanically polished and etched in a JEOL-6400 scanning electron microscope (SEM).
2% bromine-in-methanol solution, then degreased
and briefly etched into a 1 : 1 HCI and DI water
solution. Immediately prior to growth, the sub- 3. Results and discussion
strates were preheated in vacuum at about 3000 C
to desorb the Te surface layer. The growth tem-
peratures used were in the range 125-150'C. A series of growth experiments was undertaken,
These values represent actual substrate tempera- where the substrate temperature was systemati-
tures, as determined from temperature calibra- cally lowered to cover the range 125-150'C. As
tions based on the melting points of several metals. the temperature was lowered, the laser power den-
In the photoassisted MBE process, the beam-ex- sity was increased to compensate for the decrease
panded, broad-band output (458-514 nm) of a in thermal energy supplied to the substrate surface.
Spectia-Physics 2016-05 argon-ion laser was used HgTe growth rates between I and 3 A/s were
to uniformly illuminate the substrate during film used, and Hg fluxes with BEPs of 5 x 10- 5 to
growth. Laser power densities at the substrate I x 10- 4 Torr were employed. The layers ob-
ranging from 35 to 80 mW/cm2 were utilized. As tamed exhibit good structural quality, with DCRC
the temperature was lowered, the laser power den- X-ray peak FWHMs within the range 40-200 arc
sity was increased to compensate for the decrease sec. The best results (40 arc sec) were obtained for
in the thermal energy supplied to the substrate HgTe grown at 125°C using a laser power density
surface. These power densities do not produce any at the substrate of 48 mW/cm2 . a Hg flux BEP of
significant heating of the substrate surface. - 6.5 x 10' Torr, and a growth rate of - I A/s.

In the modulation doped superlattices. In and Layers grown under similar conditions but with
As were used as the n-type and p-type dopants. higher growth rates (2-3 A/s) yielded comparable
respectively. The dopants were incorporated urn- results for the structural quality (60-100 arc sec).
formly in the barrier layers (no setback), and the The surface morphology of these HgTe epi-
temperatures of the In and As ovens were varied layers is similar for the different growth condi-
from run to run. resulting in a range of doping tions employed: the films appear specular to the
levels obtained for the series of SLs. Each of the eye. but examination using a SEM reveals the
superlattices consisted of 200 double layers of presence of rectangular pyramidal hillocks. Hil-
HgTe- Hg, 1 Cd1 ,Tte. The individual layer thick- locks of this type always occur for (100) growth of
nesses for each SL were determined by using Hg-based materials and have been observed by
DEKTAK total thickness measurements, the an- may o ters a d hs g ee is il

gular separation of X-ray satellite peaks relative to uaty the SEM phos sown in i In
lustrated by the SEM photos shown in fig. 1. In

the main diffraction peak. and the growth rates of fig. la is shown the surface of film A107, a HgTe
HgTe and HgCdTe determined using calibration epilayer grown at 125'C (hillock density - 9 x
layers grown under the same conditions. 104 cm 2 ). In fig. lb is shown the surface of A63.

Double-crystal X-ray rocking curve measure- a HgTe epilayer grown at 150'C (hillock density
ments were performed on all the SLs included in - x 104 cm- 2). To our knowledge, this hillock
this study. The full-width at half-maximum density is comparable to the lowest ever obtained
(FWHM) of the main (400) diffraction peak was for a Hg-based layer grown by conventional MBE
used as a measure of structural quality. Electrical at higher temperatures.
characterization of the SLs consisted of standard
Van der Pauw-Hall measurements oxer the tem- 3.2. HgTe-Hg, 5Cd,,,Te superlattices
perature range between 30 and 300 K. Optical
absorption coefficients for selected SLs were de- n-Type and p-type modulation-doped SLs were
termined by measuring their transmittance and successfully grown for a range of layer thicknesses
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A74 (fig. 2b) is a p-type modulation-doped SL
for which L. = 25.9 A and Lb = 35.6 A. These
layer thicknesses correspond to a band gap Eg
171 meV at 77 K. In this case, the Hall coefficient
becomes positive at - 285 K. At temperatures
below - 180 K, the hole concentration is constant
and equal to - 7 x 106 cm- 3. The hole mobility
is approximately 250 cm 2/V . s over this tempera-
ture range, which is quite reasonable for a - 7,Am
band gap structure.

Optical absorption coefficients versus photon
energy for two SLs A69A and A112 are shown in

10
5  10 Is

HgTe-Hg o.1 Cd ,jsTe Superlattice

,A69A)
* a

to' to
:Z

, 200 Double-Layers
= In-Doped Barriers

S L, = 58.3 ,
Lb= 48.6 0

Conwerrrafion

to 3  
. . . .. . . . .. 101I6

10 100 1000

Fig. 1. Surface morphology of (a) HgTe epilayer AI07 grown Temperature (K)
at 125'C (hillock density 9X10t

4 
cm 2) and (b) HgTe

epilaver Ab3 grown at 150'C (hillock density 1 104 2_cm -4).

HgTe-Hg 0. 5Cd 08 Te Superlattice

2 200 Double-Layers (A74)
1 1 10_3 As-Doped Barriers

and doping levels (4 X 10'- 1 10'cm ') at low b 0 1

temperatures). Fig. 2 shows Hall data for two

representative modulation-doped samples, both -2
grown at 140'C by photoassisted MBE, which

clearly manifest the effects of doping. Sample 30

A69A is an n-type SL (Tin = 475°C) having a well "0
thickness of 58.3 A and a barrier thickness of 48.6 0

A. corresponding to a band gap E, = 19.5 meV at L,- 2.9 A, r
77 K. The electron concentration is constant, due 0 , 35.6 ,A -16- olr
to modulation doping, and equal to 1.1 × l0'7  1° 1°1
cm at temperatures below - 100 K. as shown Temperature (K)
in fig. 2a. The electron mobility increases with ftTeprue(K

Fig. 2. Hall effect data for (a) an n-type modulation-doped SL
decreasing iemperature and reaches a maximum (T in = 475°C) and (h) a p-type substitutionall_ doped super-

of 32,000 cm 2/V • s at 30 K. laltice (T,, = 220°*C).
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20000 200 Al 12. prepared using T, = 125 0 C. appears sharper
SDoubl Layers a due to the reduced growth temperature, which" i L, =ss.4A I

L, 48.6 gives rise to sharper interfaces between the SL
z 140 -C layers.

Measured hillock densities for the (100) super-
lowo0 lattices tend to be somewhat higher (> 105 cm -

than for the best HgTe epilayers grown at low
temperatures. We believe the hillock density on

5000
our best HgTe layers is determined by substrate

(A69A) dislocations, in accord with earlier studies [9-11].
S 0 i 0 0In the case of SL growth at low temperatures. theobserved increase in hillock density may be re-

ENERGY meV) lated to less-than-ideal parameters for growth of

b0000 the Hg,) ,Cd(,,,Te barrier layers. These layers are
1,32.4 ogrown using a single CdTe MBE source in the1 = :32.4 0.

L, 42. A presence of a mercury ambient. We have found
T, 12" that thick layers of Hg1 0 Cd 5,Te grown in this

way have even higher hillock densities (often > 10"
10000 cm 2). Modification of the technique used for
5.0 growth of these barrier layers (by using a second

supplemental Te source, for example) may be nec-
\2- essary to reduce the SL hillock density to below

- 0- •10 4 cm '. a requirement for certain infrared de-
0 100 200 300 40 500 600 tector applications.ENERG;Y {me\ I

1 . . )ptical absorption coefficient %ersus photon energp for
(a) St At6,- grovun at T -140°( and ih) St. 112 grow, n at

4. Summan

fig. 3. Each spectrum contains several distinct Photoassisted MBE growth of Hg-based thin
steps and plateaus, which are clear manifestations films at very o,. temperatures (125 150°'C) is
(if the 2D quantum nature of these -structures,. reported. Substitutionally doped superlattices were
Note that for SL A69,. which was prepared using also prepared at low temperatures. using modula-
a substrate temperature T = 140'C. the onset of lion doping techniques in which In and As were
absorption (hea\vy hole HI to conduction band El used as n-type and p-type dopants, respectively.
transition) occurs at about 100 meV and a second The doped superlattices exhibit excellent electrical
transition is barely discernable at about 211) meV. properties and optical properties characteristic of
This seLond transition corresponds to the light 21) quantum structures. Analysis of the measured
hole LI to conduction band El transition. The absorption data yields a valence band offset of
energy separation between these two transitions - 350 meV for the HgTe CdTe interface. Growth
(- 110 meV) is thus a measure of the light and at low temperatures ( - 1250() produces SL.s of
heav*, hole energy splitting in the valence band superior interfaces, as exemplified by improved
due to quantum confinement. The observed split- optical absorption spectra. Hillock densities for
ting is consistent with a large valence band offset the SLs were found to be an order of magnitude
(about 350 meV for the HgTe (dTe binary inter- higher than for the best HgTe epilayers grown at
face). Note that the absorption spectrum of SL low temperatures.



724 Y'. Lansari el al. Veryv low temperaiure growih and doping of Hg-based epilavers and SI-V

Acknowledgements [41 Z. Yang, IF Schetzina and J.K. Furdyna. J. Vacuum S6i.
Technol. A7 (1989) 360.

The uthrs wsh o acnowedgeJ. atthws, [51 J.W. Han, S. Hwang. Y. Lansani. Z. Yang, J.W. Cook. Jr.
The uthrs ishto cknwlege . Mtthws.and J.F. Schetzina. J. Vacuum Sci Technol. 88 (1990)

M. Bennett, and A. Mohan for their assistance 205.

with substrate preparation. This work was sup- 16] K.A. Harris. T.H. Myers. R.W. Yanka. L.M. Mohnkern.

ported by NRL contract N00014-89-J-2024. R.W. Green and N. Otsuka. J. Vacuum Sci. Technol. B8
(1990) 1013.

1] D.K. Arch. J.L. Staudenmann and J.P. Faurie. AppI.
Phys. Letters 48 (1986) 1588.

References [81 R.N. Bicknell. N.C. Giles and J.F. Schetzina. Appi. Phvs.

Letters 49 (1986) 1095.
(1[ D.L. Dreifus. R.M. Kolbas. R.L. Harper. J.R. Tassitino. [9] RiJ. Koestner and H.F. Schaake. I. Vacuum Sci. Technol.

S. Hwang and I.F. Schetzina. Appl. Phys. Letters 53 A6 (1988) 2834.
(1988) 1279. 1101 A. Million. L. Di Cioccio. i.P. (jailliard and J. Piaguet. J.

[21 D.L. Dreifus. R.M. Kolbas. J.W. Han, 1.W. Cook. Jr. and Vacuum Sci. Technol. A6 (1988) 2813.
J.F. Schetzina. J. Vacuum Sci. Technol. A8 (1990) 1221. [111 K.A. Harris. T.H. Myers. R.W. Yanka. L.M. Mohnkern.

[31 J.R. Meyer. C.A. Hoffman. F.i. Bartoli. J.W. Han. J.W. R.W. Green and N. Otsuka. I. Vacuum Sc-i. Technol. A8
Cook. Jr.. I.F. Schetzina. X. Chu,. iP. Faurie and J.N. (1990) 1013.
Schulman. Phvs. Rev. B38 (1988) 2204.



Journal of Crvstal Growth III (1991) 725-729 725
North-Holland

Chemical beam epitaxy of CdTe, HgTe, and HgCdTe

R.G. Benz II. B.K. Wagner. D. Rajavel and C.J. Summers

Physical Sciences Laboratorv. Georgia Tech Research Institute. Atlanta, Georgia 30332. USA

A chemical beam epitaxy (CBE) system has been implemented for the growth of CdTe. HgTe. and their alloys. The system is
briefl. described. Results on the cracking of the organometallic source gases are presented. Epitaxial layers have been grown from gas
sources of diethyvlcadmium. diisopropyltelluride and Hg vapor, as well as conventional solid sources. Optical and electrical properties
are reported, demonstrating the potential of CBE for growing high quality solar cell and infrared detector material.

1. Introduction These dopants also are expected to substitute on
the Te sublattice and thus will be less susceptible

The development of chemical beam epitaxy to diffusion.
(CBE) has principally involved IIT-V semiconduc-
tors and more recently wide bandgap electro-
luminescent II-VI materials such as ZnSe and 2. Experimental
ZnS. We have recently extended this growth tech-
nique to Te-based large bandgap (ZnTe/CdTe)
and small bandgap (HgTe/HgCdTe) materials. 2.1. CBE sYstem
This paper describes further d,.velopments and
results of this work. Growth was performed in a Varian GEN II

For HgCdTe we believe that CBE offers signifi- MBE system with extensive modifications to con-
cant advantages in addressing both the material vert it to a CBE system. The system is shown in
science and implementation issues of the growth fig. 1. These modifications have been described in
of these materials [I]. The high volatility of the detail elsewhere [2], and will be briefly reviewed
alloy components, the low Hg sticking coefficient here.
( < 10 3) and fast diffusion on the cation sub- The CBE system currently has operational gas
lattice all require growth temperatures for alloy sources for the host elements tellurium, cadmium
and superlattice growth of less than 230 and and zinc, and also arsenic and iodine for p- and
150°C. respectively. Thus. material and interface n-type doping. For HgCdTe growth. diisopro-
quality are critically dependent on optimization of pyltelluride (DipTe) and diethylcadmium (DeCd)
the nucleation kinetics and on maintaining very flow rates were controlled by MKS Instruments
stable flux control throughout layer growth. CBE I150B flow controllers, which operate through
addresses both of these aspects by enabling chem- pressure control and thus do not require the use of
ical manipulation and precise regulation of the carrier gases. Both the DeCd and DipTe were
flux species. Thus, growth can be achieved using directly injected into group II or group VI gas
monomer Te. which has been shown to enhance injectors, respectively, where they are cracked and
the Hg sticking coefficient, and also monomer or directed onto the substrate. For p-type doping
dimer arsenic for p-type doping. Additionally, the arsine is used as the As source, although any of
use of gas dopant sources also enables an investi- the organometallic As gases could be used. The
gation of group VII, n-type dopants. which are dopant source works on the same principle as the
difficult to control in conventional MBE systems. MKS I150B flow controllers except for the use of

(X)22-0248/91/$03.50 i 1991 - Elsevier Science Publishers B.V. (North-Holland)
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a manual leak valve as a variable orifice. The used only for CBE growth and otherwise are turned
arsine is cracked in the group VI gas injector off to prolong their working life. In addition, the
before entering the CBE chamber. Mercury flux is substrate cryoshroud is continually cooled with
provided by the Hg-pressure controlled vapor liquid nitrogen to pump Hg vapor and uncracked
source (Hg-PCVS) reported previously [3]. Solid organometallics. During MBE growth a 400 I/s
sources of Cd, Te, Zn and CdTe are used for MBE ion pump and a titanium sublimination pump are
growth in the CBE system. The system is equipped used.
with a UTI-100C quadrupole mass analyzer 3.2. Growth conditions
(QMA) and a reflection high energy electron dif-
fraction (RHEED) system with computer-based Epitaxial layers of CdTe, HgTe, and HgCdTe
image analysis. Other features of the CBE system were grown on chemically polished (001)-oriented
are shown in the figure, but will not be described CdTe, ZnCdTe and GaAs substrates. All layers
here. were grown on CdTe buffer layers deposited by

Four vacuum pumps are currently used on the CBE or from a binary CdTe source. The Hg-based
CBE system. During CBE growth, a Balzers MBE layers were grown at a substrate temperature of
series turbomolecular pump and a Varian Cryos- 165-185°C and the CdTe layers were grown at
tack 8 cryopump evacuate the growth chamber. substrate temperatures ranging from 185-320'C.
The gases exhausted from the turbomolecular All substrate surface temperatures below 230°C
pump are pumped by an Alcatel 50 cfm Corrosive were calibrated by a Te-condensation technique
Series mechanical pump and then pass through an [4]. Growth rates for all layers were - 0.5-0.6
Emcore toxic gas scrubber filled with activated ttm/h and layer thickness varied from 2-6 [Lm.
charcoal capable of scrubbing both Hg and the Hg-based materials were capped by a thin CdTe
organometallic vapors. Both of these pumps are layer to prevent surface degradation.

PRESSURE/FLOW
CONTROLLERS ETHYLENE GLYCOL LQUID NITROGEN

AT -5"C RHEED GUN COOLED SHROUDS

Deed X SUBSTRATE/

DeZn 0
::~ PS 5 x 10r' torr INPM

---~ ION PUMP

A- H- Ti GETTER PUMP
-ONZAON CRYOPUMP

TURBOMOLECULAR
PUMPECR H-RLADICAL X

SOURCE
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MBE OVENS Cd

Zn SHUTTERS

RHEED SCREEN
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Fig. I. Schematic of CBE system.
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3. Results ratio (MTeP), versus DipTe flow rate at different
diffuser temperatures. A MTeP ratio of 25% was

3. 1. Gas injector characterization observed for a diffuser temperature of 500'C and
was found to be almost independent of flow rate.

In order to remove the cracking dependence of For diffuser temperatures greater than 700'C. all
the source gases from the substrate temperature, of the DipTe has been cracked. The majority of
the source gases are precracked in a high tempera- the Te species from the injector is monomer and
ture injector. To prevent gas phase reactions sep- dimer Te, with a large increase in the MTeP ratio
arate injectors are utilized for the group II ele- to approximately 80% and a corresponding Te/Te,
ments and group VI elements. Both can accept ratio of 10 for low flow rates. At higher flows, the
three separate gas lines. Each injector uses a spe- MTeP ratio gradually decreases to - 55% at flow
cially designed boron nitride diffuser element to rates greater than 30% of 10 SCCM FS. Further
enhance cracking efficiency. The group II injector increases in diffuser temperature up to 1300'C
uses a Ta delivery tube while the group VI utilizes had little effect on the MTeP ratio. The decrease
a pyrolitic boron nitride (pBN) delivery tube to in the MTeP ratio at high flow rates is attributed
avoid any reaction between Te and Ta [5]. Both to two effects. For high gas pressures in the injec-
injectors are capable of operating at diffuser tem- tor, monomer Te combines in the gas phase to
peratures of 1300'C and have dual thermocouples form dimer Te. The other effect which influences
for monitoring temperature gradients along the the MTeP ratio at all flow rates is deposition and
delivery tubes. reevaporation of Te in the delivery tube. Since

Studies have been implemented to determine there is an appreciable thermal qradient along the
cracking efficiency for both DeCd and DipTe. In delivery tube, at higher diffuser temperatures more
the analysis, corrections to the data have been DipTe cracks farther from the injector exit. The
made for quadrupole transmission, ionization monomer Te then can deposit in the tube and
probability. multiplier gain, and fragmentation of subsequently reevaporate as dimer Te. Te deposi-
the polvatomic molecules. Fig. 2 shows the ratio tion has been verified by examination of the inside
of monomer Te to the total Te species in the of the delivery tube during operation and by plot-
beam. defined as the monomer Te production ting the total Te species versus flow rate for in-

creasing diffuser temperatures..A significant de-
crease in the total flux of Te species is seen at high
diffuser temperature due to Te deposition in the

* tube. This effect is seen during AsH 3 cracking [6].
- Although the MTeP ratio decreases at the large

flows, most growth occurs in the 1-2 SCCM range.
where the MTeP ratio is maximum. The cracking

* -/' of DeCd in the group II injector is similar in
behavior to DipTe. DeCd is completely cracked to
Cd at 500 'C for flows up to 60% of 5 SCCM FS.

3.2. CdTe characterization
o !n

Photoluminestence (PL) results were obtained
for CdTe layers grown by CBE on CdTe sub-
strates. Fig. 3 shows photoluminescence spectra

V) 40 0 ',0 taken at 10 K of four CdTe layers grown with
Dipff, iow (% of 10f oim) various DipTe/DeCd flux ratios. These measure-

Fig. 2. Monomer Te production (MTeP) ratio versus DipTe ments were obtained using the 6328 A line of a
flow for three diffuser temperatures. HeNe laser as the excitation source. Each of the



728 R.G. Benz 11 et aL. / CBE of CdTe. HgTe, and HgCdTe

2001 Fig. 4 shows a plot of Hall mobility versus
A91- 14 DpI/OcU temperature for two HgTe layers. The CBE grown

All ) ; A 20(
Aq 4 7.3 layer has a peak mobility of 109.000 cm2 /V -s at
AI)C 1, I .i

i 0) A90 1F 0. 24 K. This layer had the highest mobility of the
S90 1 T10 K HgTe layers grown and compares well with the

highest values quoted by Feldman et al. [7]. The
MBE grown layer had a peak mobility of 54.000

0 0 ocm/V s, and was the highest mobility obtained
" for a MBE HgTe layer grown in the system.
t A90 1' although no efforts were made to optimize the

"< ;, l layers. These results illustrate the benefits of pre-
\ "cise flux control and monomer Te for growing

Aqo I p.l/j< high mobility HgTe layers.

~J' I HgCdTe layers have also been grown by CBE.
.00 ....- RHEED analysis confirmed the absence of twin-

wV re ,I ,' (1r! ,-, r";) ning for layers grown under the proper flux and
substrate temperature conditions. Evaluations of

Fig. 3. Photoluminescence spectra at 10 K for four CBE CdTe the optical and electrical properties of the lgCdTe

layers grown at different DipTe/DeCd flux ratios.

layers indicate that x-values between 0.16 and
0.22 have been grown. For the best samples low-
temperature electron concentrations between 5 X

104and 1x1 L cm have been obtained with
spectra exhibit donor bound excitonic emission pean i vlus cs ha bee o with
near 7800 A and acceptor bound transitions at peak mobility values as high as 3.2 x 10- cm 2/V -s.

These values were obtained on unannealed sam-
-7832 A. The features at 7960 and 8000 A are pe n r eycmeiiewt ulse B

attributed to free to acceptor and donor-acceptor pies and are very competitive with published MBE
transitions, respectively. LO-phonon replicas of results [81.
the donor-acceptor pair transitions are also visi-
ble at lower energies. All samples exhibited n-type
conductivity except for sample A90-16 which was
insulating. The PL spectra agree qualitatively with I 01,

electrical measurements performed on the sam- 90

pies. For example. sample A90-16. which appears :H. 
4

WN

to be the most compensated also has the lowest ,I1 ,l,
mobility of the four samples. Nonradiative defects
may be the cause of the low luminescence inten- 'o

sity for sample A90-16 as well as its insulating " (114

character. 1'

Wi GHOWN
3.3. Hg-hased layer characterization ... --

HgTe layers have been grown and characterized 4 of -0 •

in-situ by RHEED and ex-situ by optical mi-
croscopy and the Hall effect. Under the proper W ""
growth conditions, all HgTe layers showed no 0 ' "o 00 ,o 20o ), .(o1
twinning as determined by RHEED. The layers Jeomprcturf (dPq K)

were specular to the eye, although slight surface Fig. 4. Hall mobility versus temperature for two HgTe layers,

texturing was observed by optical microscopy. one grown 1y MBE and one grown by CBE.
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Heteroepitaxy of CdTe( 100) on Si( 100) using BaF2-CaF 2( 100)
buffer layers

A.N. Tiwari, W. Floeder. S. Blunier, H. Zogg
A 1 71'1.rheuis~ieineinsehaf fur industrielle Frorschungj at Swiss Federal Institute of Technologyi. ETH - liijnggerherg, CH-8093 Ziirich.

and

M.J. Proctor
Inst iue of AMicro- and Opfmoelectronics. EPFL. CH- 1015 Lausan, Swii:t-/and

Epitaxial (CdTe% 1(X)) lavers have been grown on Si(l00) by conventional molecular beam epitax'. (MBff) and phoio-assi'~d MBF
iPAMBE) using stacked BaF,-C'aF, as a buffer layer. Two-dimensional (21)) growth of BaF.(100) is obtained using a two-tempera-
ture growth method. In conventional MBE. CdTe grows 21) for substrate temperatures above 270'C wkith a 2 x] surface
reconstruction indicating a Te-tabilized surface. In PAMBE, 2D growth of CdTe is obtained at lower substrate temperatures

(=200' C) %ith I x I RHEED patterns indicating that Ar laser illumination induce., Te desorpion. PAMBE grown lavers have
superior structural quality than lavers grown by conventional MBE. Sb doped (di'e lavers grown by PA\IBE eshibit a 2 x 2 surface
reconstruction, their 10 K photo]uminescence spectra sho% a single dominant (.A!'. X) peak at 1 .588 e%' and resitsities of 101 2 cm
are measured.

1. Introduction huffer layers. The stacked fluoride buffer helps to
overcome the large ( =191+ ) lattice mismatch be-

Heteroepitaxial growth of CdTe has received tween CdTe and Si and relieves mechanical strain
considerable attention for many optoelectronic de- caused by thermal expansion mismatch [8]. We
vices. in particular for applications as a buffer have also used these 1l-a fluorides as buffers to
laver for further growth of CdHgTe infrared grow high quality epitaxial IV VI based narrow%
sensors. High quality CdTe layers have been grown gap semiconductors on Si and have fabricated
by MBEF on sapphire, InSb and GaAs. However, infrared sensor arrays with cut-off wavelengths up
much less work has been done on the growth of to 12 [/im [9]. Further, using a lift-off technique for
CdTe on Si. which is technologically a more im- the removal of CdTe layers from Si. we have
portant substrate. CdTe on Si would allow fabri- shown the posyihility of making thin film single
cation of monolithic active devices with the signal crystal CdTe solar cells on reusable substrates
processing performed in the substrate. [10].

There are only few published works on the The problem of substitutional doping in CdTe
epitaxial growth oif CdTe on Si [1 - 51. We have caused by self-compensation has been overcome
reported [61 MBE growth of good quality (Ill) by using a photo-assisted MBE (PAMBE) tech-
oriented CdTe on Si(1 1I) and recently [7] that of nique [11.12]. Here, illumination of the substrate
CdTe0l00) on Si(10) by using BaF- CaF, as by an Ar laser beanm during MBE growth en-

(t)22-024,'91,/$03.5 1991 -Elsevier Science Publishers Ily. (North-Holland)
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hances the doping efficiency. However, all these 3. Results and discussion
works were confined to CdTe layers grown on
lattice matched substrates. To our knowledge, 3.1. Undoped CdTe layers
there is no report on the doping in heteroepitaxial
CdTe grown on lattice mismatched substrates (like For CdTe films grown without Ar laser il-
Si) using PAMBE. This paper presents a compara- lumination above 270' C, streaky RHEED pat-
tive study of heteroepitaxial CdTe(100) grown by terns are observed from the beginning of growth.
conventional MBE and PAMBE on Si(100) with The streaks become more intense with growing
intermediate fluoride buffer layers. Results on Sb thickness. Fig. la shows the RHEED patterns of a
doping of CdTe will also be discussed. = 1.3 11m thick CdTe layer deposited at 300'C.

The streaky patterns indicate 2D growth and the
sharp Kikuchi bands illustrate a good crystal qual-
ity. Also a 2 x I surface reconstruction is observed

2. Experimental details which has been attributed to a Te-stabilized surface

[13]. For the films deposited at lower temperature
The MBE growth procedure of epitaxial CaF,- (- 220 °C), spotty RHEED patterns indicate

BaF.(100) on Si(100) has been described elsewhere 3D growth. These patterns transform to streaks
[81. Briefly. Si(100) wafers are cleaned using a showing a 2 x I reconstruction when annealed at
Shiraki procedure and the protective oxide is re- = A0o°C for = 5 min.
moved by in-situ annealing at = 900'C for a few Remarkable changes in the RHEED patterns
minutes just before starting fluoride growth. The occur when the substrate is illuminated with the
substrate temperature is then lowered to 550 0 C Ar laser beam. The 2 X I surface reconstruction
and about 10 nm CaF, (0.6% lattice mismatch transforms to I X I when the sample is il-
with Si at room temperature) is deposited. The luminated. This indicates that laser illumination
RHEED patterns are spotty at this stage. The induces Te desorption [141. For PAMBE grown
BaF. growth is then started without interruption CdTe, streaky RHEED I x I patterns indicating
at 550°C. After - 100 nm growth. the substrate 2D growth are obtained down to substrate tem-
temperature is raised to 700'C and the initial peratures of 200'C (fig. lb). The RHEED pat-
spotty RHEED patterns develop in to streaks. terns of PAMBE grown CdTe are sharper and the
indicating 2D growth. The lattice has now widened Kikuchi bands more intense compared to layers
b% 14'( to the higher lattice constant value of grown without illumination.
BaF., but is still 4.55 below that of CdTe [8]. Layers grown liy both MBE and PAMBE are

For the growth of CdTe the fluoride covered Si crack-free and have specular surfaces. However,
afers were transferred to another MBE chamber scanning electron microscopy reveals a smoother

without breaking the vacuum. The substrate tem- surface morphology and sharper electron channell-
perature was varied in the range of 200 to 350 0 C ing patterns for PAMBE layers. X-ray rocking
and a typical growth rate was 0.2 nm/s. The curve widths of PAMBE grown CdTe are always
pressure in the chamber during CdTe growth was smaller as compared to conventional MBE grown
below 10 ' mbar. For PAMBE growth of CdTe, layers, but still as high as 580 arc sec (for 5 pim
the substrate was illuminated with an Ar ion laser thick layers) due to some mosaicity. In contrast.
%kith = 150 mW/cm2 power density at the sub- much lower rocking curve values - 200 arc sec
strate. Photoluminescence (PL) measurements at were obtained for (111) oriented CdTe on BaF-
10 K were made using an Oxford Instruments CaF./Si(111) [6,7]. We expect that CdTe(100) with
continuous flow crvostat and a double grating smaller X-ray rocking curve widths can be ob-
spectrometer. Ar ion laser (514.5 nm) was used as tained using misoriented Si substrates, by increas-
an excitation source. Resistivity was measured ing the thickness of CdTe. and optimizing deposi-
using Van der Pauw technique and evaporated Au tion parameters. A detailed comparative study of
on (CdTe was used for making ohmic contacts. structure and morphology of conventional MBE
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(a)

(b)

Fig V 15 keV RHEED pattern of (dTe(100) on BaF-CaF,/Si(00): (a) MBE growth without Ar laser illumindtion. 2×X

Te-stabiliced surface reconstruction: (b) photoassited growth (PAMBE). 1 x I reconstruction. The electron beam is along the 10011

(left) and [011] (right) direction.

and PAMBE grown CdTe epilavers will be pub- 1.546 and 1.541 eV. The native defect related band
lished elsewhere. at 1.463 eV has a low intensity. The (D". X) peak

The photoluminescence spectra of PAMBE and at 1.590 eV with 5.3 meV FWHM has been as-
conventional MBE grown CdTe are significantly signed to excitons bound to shallow donors and
different. Fig. 2 shows the 10 K PL spectra of 5 the (A. X) peak at 1.583 eV is due to recombina-
pm thick layers deposited at 300'C. The spec- tion of acceptor bound excitons [11.16,17]. The
trum for conventional MBE grown Cd-e shows a doublet band at about 1.54 eV is due to recombi-
peak due to combination of bound excitonic (BE) nation of an electron bound on a donor with a
transitions which are not well resolved. On the low hole bound on a acceptor (DAP) with pairing
energy side. an intense broad band centered effects [17].
around 1.47 eV and originating from crystalline The PL measurements clearly show that
defects 115.16] is observed. The full width at half PAMBE grown layers are of superior quality, con-
maximum (FWHM) value of the BE peak is 7 sistent with our other structural measurements.
meV. The spectrum of PAMBE grown CdTe shows Similar changes in the PL spectra have been oh-
well resolved peaks at 1.590 and 1.583 eV in the served for homoepitaxial CdTe lavers grown by
excitonic region and a doublet band with peaks at conventional and photo-assisted MBE [11.12].
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10K PL of CdTe (100) on (BaCa) F,I/Si 10K PL of Sb doped Cd~eO ) 110,C),/i

W. X Photo-assisted MBE

Photo-assisted MBE (~X

Native C
it)a)

UU

U

0

m MBEEnergy (eV)

Fig. 4. 10 K photoluminescence spectrum (if a 3.5 urm thick
i _ 5 15 1.5 160 PAMBE grown Sb doped CdTe(lt)) on BaF,-CaF,'S1OO)

Eneg (eV) The (,A0 . X) peak is dominant. The resistivity of the p-tvpe
negylaver is =i0~ 3 ?cm.

Fig. 1. 10) K photoluntiescence spectra of MBE and PAMBE
grown undoped CdTLI 100) on BaF.-CaF2 ,/Sii 100). The 5 jm

thick layers were deposited at 30H)'( C.

posited on BaFCaF,/Si(l00) at 300 0 C with laser
illumination. As described above. streaky I x 1

3?.2. Sb doped CdTe RHEED patterns are observed. Sb-doped CdTe
layers were subsequently grown at an optimum

The PAM BE technique has been successfully substrate temperature of 2600'C and an Sb cell
used for p- and n-type doping of homoepitaxial temperature of 4000 C. With the Sb shutter open.
CdTe layers [11.12]1. However, we wvere not able to half order streaks in the RHEED patterns appear
reproduce the high doping activations reported in as shown in fig. 3: the surface reconstruction
these works in our lattice mismatched heteroepi- changes to 2 X 2. Such a 2 x 2 reconstruction has
ta-ial CdTe layers. F or the doping experiments, already been observed in homoepitaxial CdTe.
first about 1.5 /im thick undoped CdTe was de- and it was suggested that the laser illumination

Fig. 3. 15 kV RHEED pattern of PAMBF grown Sb doped CdTe layer showing a 2x2 surface reconstruction. Electron beam parallel
llekft) and 10111 (right)direcin. Sh effusion cell and suhtrate temperatures were 400 and 260*C, respectively.
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causes Te desorption and Sb gets incorporated much less pronounced in our case. The lowest
into the Te vacancy sites [14]. resistivities we achieved are three orders of magni-

The PL spectrum of a 3.5 pm thick Sb doped tude higher than in Sb doped CdTe homoepitaxial
CdTe layer is shown in fig. 4. A strong lumines- layers. Thus, a convincing explanation why self-
cence peak with 2.3 meV FWHM value is ob- compensation can be suppressed drastically by
served at 1.588 eV and is assigned to an exciton PAMBE for lattice matched epitaxy only and not
bound to a neutral acceptor (At ). X). Its phonon for mismatched heteroepitaxy must take into
replica, (A0. X)-I LO is observed at 1.566 eV. On account the difference in structural qualities of
the high energy side of the dominant peak a well CdTe layers achieved with homoepitaxy and lattice
resolved shoulder at 1.593 eV and a small peak at mismatched heteroepitaxy.
1.597 eV are also present. Bicknell et al. [11.18]
have obtained (A0. X) and its replica at 1.5896 and
1.5687 eV. respectively, in 1.6 K PL spectra of Acknowledgements
heavily doped CdTe: Sb on CdTe substrates. On
the high energy side they observed peaks at 1.5950
and 1.597 eV. Our values are about 2 meV higher. We would like to thank Professor F.K. Rein-
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introduced by Sb and the peaks at 1.593 and 1.597 mission to use the photoluminescence system. The
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Atomic layer epitaxy of (CdTe) .t(ZnTe),-ZnTe multiquantum wells
on (OO1)GaAs substrate

Jie Li. Li He. Wei Shan. Xingyu Cheng and Shixin Yuan
Shanghai In. ttte ot Technical Phisics. .4iadento ,Sinxm. 42(0 Zhong Shatz Bei Yi Road. Shanghai 200,83. People s Rep. of ('hina

(CdTe),, (ZnTe).,-ZnTe multiquantum well structure has been proposed and grosn on (001)GaAs substrate by atomic laser
epitas'.. Growth has been insestigated using reflection high energ, electron diffraction. Material characterizations hase been
performed b\ X-ra, diffraction and photoluminecence. With this structure, great improsements hase been made in crystallire
qualit% compared sith ('dTe-ZnTe multiquantum elk. due to the reduction of misfit dislocations.

I. Introduction epitaxy [5] have been applied to prepare CdTe
ZnTe multilayer structures. but the crystalline qu-

The multilaxers of II -VI wide-gap compound alitv has not met. at the present stage, the needs of
sentconductors are of current interest for their device applications. CdZnTe-CdTe and CdZnTe
potential applications in short wa\elength opto- ZnTe systems have been proposed for obtaining
electronic devices. CdTe-ZnTe sstem belongs to relatively well-matched lattice constants between
this category. CdTe-ZnTe mulilavers possess di- contacted lavers. hut the growth of CdZnTe allo\
rect band gap and the band gap can be tailored is now far from optimized in the whole composi-
from 1.6 to 2.2 eV bv \ar. ing the thicknesses of tion range [6].
the CdTe and ZnTe layers. Selective acceptor dop- Here. we report a novel structure grown b\
ing of ZnTe and donor doping of CdTe have been atomic laer epitax (ALE) technique for reduc-

achieved successfully [1.2]. indicating the possibil- tion of misnatch-induced dislocations in the
it\ of fabricating p -n junction in the CdTe ZnTe CdTe- ZnTe system without introducing CdZnTe
s'cstem. These characteristics make it promising alloy. Ultrashort period (CdTe),,,(ZnTe), super-
for the applications of light emitter and detector lattices were confined to ZnTe barriers to form
devices. But the large lattice constant mismatch (CdTe),,(ZnTc),: ZnTe multiquantum \ells
(6.41 ) between CdTe and ZnTe makes it verv (MQWs). ALE technique is superior in growing
difficult to growA a CdTe-ZnTe system of high uhrathin epilayer,,, under precise control. Taking
qualitv because of the easy relaxation of mis- the advantages of the ALE technique. we con-
match-strain through misfit dislocation genera- trolled the thickness of individual lasers of super-
tion. It was reported [31 that the critical thickness lattices in quantum wells thinner than the critical
of (dTe, ZnTe epitaxy was only several mono- value and adjusted the thickness ratio of CdTe to
lavers at the MBE growth temperature. Although ZnTe to obtain "lattice constants" in potential
it is thought that strained mltilavers can be growkn wells closer to that of ZnTe barriers.
perfectli wkith the thickness of individual layers
being restricted to below their critical value, the
realization of ultrathin-laver-control and mean- 2. Material growth
while achieving periodical coherence within the
device-needed thickness are not easy using the The sample growth were carried out in a
conventional growth techniques. Molecular beam Shenvang Scienlific Instrument FW-IIi MBE
epitax, (MBE) [41 and organometallic vapor phase machine equipped with a computer-controlled

)'-ii-.5 41 Si3,50) l,9l tisesier Science Publisher, B V t North-|Hollandi
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shutter system. (CdTe),,,(ZnTe),,.-ZnTe MQWs mensional growth could be maintained is closelN
were deposited on (001 )ZnTe/(001 )GaAs hybrid dependent on the extent of surface smoothness.
substrates, where (001)ZnTe is a buffer layer grown For the smoothest surface in our experiments.
by MBE. Details of (001)GaAs substrate surface two-dimensional growth could occur even for R =
preparation were previously described elsewhere 6. For R = 1.2. both (2 )< 1) and c(2 X 2) surface
[7]. Three effusion cells containing elemental Cd, reconstructions were observed implying coexis-
Zn and Te separately were employed fnr MRE tence of Zn-terminated and Te-terminated sur-
growth of ZnTe buffer layers and subsequent ALE faces. In our experiments, a ratio of R = 0.9 was
growth of MQW structures. The substrate temper- used in the initial stage of ZnTe growth. After the
alure for ALE growth was 230-270'C. and 310- front surface became smooth. R was increased
340 ° C for the ZnTe buffer laver growth. During and growth proceeded under Zn-rich conditions in
ALE growth of CdTe or ZnTe. the shutters of the or er to reduce the density of the Zn-vacancv in
two constituent elemental sources were opened the ZnTe buffer laver [8].
alternatively with an interval of 2 s. In CdTe While ALE growing. the RttEED patterns ex-
growth. considering that the sticking coefficient of hibited well-defined streaks. It was clearly ob-
Cd on the Te surface is smaller than that of Te on served that Cd- and Zn-covered surfaces showed
the Cd surface, the Cd and Te source shutters c(2 x 2) reconstruction and Te-covered surfaces
were opened for 10 and 6 s separately in a growth showed (2 x 1) reconstruction, with no sign of
cxcle. The beam flux intensities were adjusted to mixture of c(2 x 2) and (2 X 1) reconstructed sur-
deposit about 30 monolavers of Cd and 4 mono- face. ALE stepwise growth led to a variation of
lavers of Te within each opening time assuming no surface reconstructions from c2 x 2) to (2 x I.
re-evaporation. B, the same consideration. in ZnTe and vice versa.
grovth the opening times of the Zn and Te source In the growth of (CdTe),,,(ZnTe), short period
shutters were 7 and 6 s separately producing about superlattices on ZnTe harriers, it was observed
15 monolavers of Zn and 4 monolavers of Te. that the RHEED streaks became broad and weak

There exists a large lattice mismatch (7.6w) when the epitaxial thickness exceeded a certain
between GaAs and ZnTc. which introduces misfit value. The onset of RHEED pattern degradation
dislocations at the film substrate interface. In corresponded to the critical thickness. This means
order to reduce the effects of these dislocations on that the critical thickness of epitaxy of the super-
the qualit' of the MQWs. a (001)ZnTe buffer lat'-ce on ZnTe could also be determined by Yao's
)axer of 0.5 to 1 pm was first deposited by MBF. method 19]. To -vvoid misfit strain relaxation, it is
To achieve an atomically flat suiface for subse- absolutely necessary to investigate critical thick-
quent ALE growth. ,efle.tion high energy electron nesses of epitaxv,, - 'CdTe),, (ZnTe),, superlattices
diffraction (RPEED) was used to investigate the on ZnTe.
growth conditions. It was found that the Zn-to-Te.
flux ratio R = P,,/P,, influenced the smoothness
of growth surface. "here P,, and P,, are the 3. Charavierization
'iapor pressures of Zn and Te, flux. respectielk.
measured at the sample position. Immediatclv as A series of (('dTe),,(ZnTe),, ZnTe MQW sam-
the grooxth (under R- I) of ZnTe started, the pies. which have different average superlattice
initiall, streaked RUIEED pattern became spott,. constants in the potential wells and different
indicating a rough surface. Large lattice constant well-widths, were prepared by ALE. Characteriza-
mismatch between ZnTe and (aAs caused three- tion by X-rav diffraction using (u-Ka (400) Bragg
dimensional growth. U nless Te-rich growth condi- reflection and photoluminescence using i) cw argon
tions were emploved. the three-dimensional growth laser as a pump source were performed. Sample
would persist. Once a smooth surface was achieved. No. SL-27 with a designed structure of ([(CdTel:
two-dimensional growth could occur under Zn-rich (ZnTe)4 ] x 7 (ZnTe).,, } X 6 is shown here as an
conditions. The maximum R under which two-di- example. A schematic demonst.ation of this struc-
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,P S peak is 14 meV which is much smaller than the

X-RAYF CuL-27reported values, measured at 5 K, of MBE grown
E -nTe i0o CdTe-ZnTe superlattices [10,11]. The lumines-

cence spectrum has a single intense exciton peak.
U' Defect-related transitions which should appear on

the lower energy side of the exciton peak [12] can
.,.- not be detected within the detector limit under the

Z. . used pump condition (< 5 mW). Despite the ef-
fective luminescence thickness of our sample is
very thin, intense light emission was observed

55 56 57 9 60 61 62 63 64 65 under the weak pump condition. The high
T 0 THETA (degree) luminescence efficiency is mainly attributed to

Fig. 1. 0 20 X-ray diffraction scan from No. SL-27. showing carrier confinement in quantum wells [13] and
(4U0)-like satellite peaks. The inset is a schematic demonstra- also due to high structural perfection because

tion of present structure in energy gap. high-density defects provide strong nonradiative

decay channels [141. Up to here, it is obvious that
tare is given in the inset of fig. 1. An X-ray great improvement has been made in crystalline
diffraction scan of No. SL-27 around the (400) quality by using the proposed structure and ALE
Bragg diffraction of bulk ZnTe is also shown in technique.
fig. 1. The measurements was carried out in a As a contrast, we show a CdTe-ZnTe MQW
0/20 arrangement. The spec-um shows the grown by ALE under the previously used growth
(400)-like superlattice peaks originated from conditions with a designed structure: [(CdTe)1 5-
coherent scattering of MQW periods. The thick- (ZnTe) 6 ] X 10. Its characterization results of X-
ness of each period was derived from the inter- ray diffraction and photoluminescence are shown
spacing of satellite peaks. The measured period by fig. 3 and curve (2) of fig. 2, respectively.
thickness is about half of the value calculated Comparing fig. 3 with fig. 1. more satellite peaks
according to the growth design, assuming that two are obvious but the Ka, and Ka, peaks are not
monolavers. i.e., 1/2 lattice constant thickness resolved. The appearance of more satellite peaks is
was produced in each growth cycle. In fig. 1. the mainly due to narrower quantum wells and larger
position of the envelope, which slowly modulates lattice mismatch between the quantum wells and
the superlattice peaks in amplitude on the lower barriers. Because the width and lattice constant of
angle side of the ZnTe (400) Bragg peak. corre- the wells determine the linewidth and the position
sponds to the average lattice constant of super- of the 400-like envelope of satellite peaks beside
lattice in the quantum wells according to Bragg's
law. The position of this envelope is much closer
to the ZnTe (400) Bragg peak than that of CdTe- (1) SAMPLE SL-27 1

ZnTe MQWs [7]. This mcans that the lattice con- (2) SAMPLE SL-23
'ETEM P. =90Kstant of the quantum wells matches better with

ZnTe barriers than that of CdTe potential wells -

does. In addition. K01 and Ke 2 peaks were clearly "1
separated in the spectrum indicating very sharp (2) - 74 meV
superlattice peaks. This attests to a high structural z
quality in terms of high degree of periodical F

coherence and crystalline perfection in the indi-
vidual layers. 1.40 1.50 1.60 1-70 1.80 1.90

The curve denoted by (1) in fig. 2 shows the PHOTON ENERGY (x0 4 CM 1 )
photoluminescence spectrum at 90 K from the Fig. 2. Photoluminescence spectrum from No. SL-27 (1) and

same sample. The linewidth of the luminescence No. Si-23 (2) at 90 K.

__ _
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ZnTe 400 Bragg peak. For narrower wells and SAMPLE: SI-29 I

larger barrier-well lattice mismatch, more satellite ,., TEMP. 90K

peaks would appear at the angle position farther .
apart from the ZnTe 400 Bragg peak. Fig. 3 does (~(3) (2) (
not resolve Ka, and Ka, peaks, attesting to poor .7.5-
crystalline quality. To this, fig. 3 also gives further
evidence. The curve in dashed line is a calculation Z
in the kinematical approximation for the un-
strained case. The theoretical curve is in good
agreement with the experimental one, indicating 1.50 1.60 1.70 1.80 1.90
that the mismatch strain is completely relaxed.

Therefore. a large number of misfit dislocations PHOTON ENERGY (X10
4 CM-')

exist in the individual layers. In addition, the Fig. 4. Photo]uminescence spectrum from No. SL-29 at 90 K.

linewidth of photoluminescence peak (2). which is
106 meV. is much larger than that of peak (1) in
fig. 2. This is in agreement with the result of X-ray
diffraction measurement.

For the investigation of strain relaxations in the the CdTe wells have a width below the critical
CdTe-ZnTe system and for further confirmation thickness and the lattice constant mismatch is
of the advantages of the (CdTe),(ZnTe),,-ZnTe completely accommodated by elastic strain. The
MQW structure, a sample which has a disigned abrupt broadening of the other two peaks is due
structure of i(CdTe),-(ZnTe),,] x 4 + [(CdTe),- to strain relaxation through dislocation genera-
(ZnTe),o] x 3 + [(CdTe),.-(ZnTe),,] x 2 was pre- tion. Although sample No. SL-27 has much wider
pared by ALE. Its photoluminescence result is quantum wells, its linewidth of the photolumines-
shown in fig. 4. The three peaks. denoted by (1), cence peak is comparable with that of peak (1).
(2) and (3), have linewidths 14, - 41 and - 50 This fact suggests that with (CdTe),,(ZnTe),,-
meV. respectively, and correspond to the three ZnTe structure, misfit dislocations induced bv
quantum well groups possessing different CdTe lattice constant mismatch between quantum wells
well widths. Corresponding to the narrowest peak, and barriers were largely reduced in No. SL-27. In

addition, it should be pointed out that the 14 meV
linewidth of peak (1) indicates a very high degree
of interface abruptness and periodical coherence.
because even for wider CdTe wells, only one
monolayer thickness fluctuation in quantum wells

SAMP- wSL 2: could cause 30 meV energy variation in the band
:'-RAY Gj K,
-gap [151 due to the heavy strain and strong carrier

confinement. Here, the advantages of ALE are
shown in the growth of heavily strained and ultra-
thin multilayer structures.

We have shown our success in improving the
crystalline quality with the (CdTe),,(ZnTe),-ZnTe

ZMQW structure. We believe that better quality
could be achieved by optimizing the ALE growth

.- "5" - ~ conditions. For the purpose of providing reference
Tr, r TA cegree] for the structure design, the onset of mismatch-

Fig. 3 129 X-rav diffraction %can from No, S.23 Also strain relaxation in the epitaxy of (CdTe),,(ZnTe),
shown in dashed line is a spectrum calculated in the kinemati- superlattices on bulk ZnTe should be investigated

cal approximation f,r the unstrained case in detail.



740 Jie Li et at. / ALE of (CdTe),,(ZnTe),,-ZnTe MQ , on lIj0)GaAul uhstrute

4. Conclusion References
[I] M. Kobayashi. R. Kimura. M. Konagai and K. Takahashi.

A CdTe-ZnTe multilayer system was, for the J Crystal Growth 81 (1987)495.
first time. grown by ALE technique. The (CdTe),,, [21 T. Yao. in: The Technology and Physics of Molecular
(ZnTe),,-ZnTe MQW structure has been proposed Beam Epitaxy. Ed. E.H.C. Parker (Plenum, New York.

and successfully produced on (OOI)GaAs sub- 1985) p. 313.
strate. Growth has been investigated using [31 J. Cibert. Y. Gobil. Le Si Dang and S. Tatarenko. G.

Feuillet. P.H. Jouneau and K. Saminadayar. Appl. Phys.
RHEED. Material characterizations have been Letters 56 (1990) 292.
performed by X-ray diffraction and photolumines- [41 G. Monfroy. S. Sivananthan. X. Chu, J.P. Faurie. RI).
cence. Taking the advantages of the ALE tech- Knox and J.L. Staudenmann. Appl. Phys. Letters49(1986)

nique. the lattice constant mismatch between the 152.
15 D.W. Kisker. P.H. Fuoss. J.J. Krajewski. P.M. Amirtharaj.quantum wells and barriers was designed by con- S. Nakahara and J. Menendez. J. Crystal Growth 86

trolling the average lattice constant of the ultra- (1988) 210.
short period superlattice in the quantum wells [61 R.D. Feldman. R.F. Austin, A.H. Dayem and E.H. West-
through adjusting the laver thickness ratio of CdTe erwick. Appl. Phys. Letters 49 (1986) 797.
to ZnTe. Proper design of the mismatch and the 171 Jie Li. Li He, Wenguo Tang, Zhongling Peng and Shixin

Yuan. CdTe-ZnTe multiquantum wells grown bh atomic
width of quantum wells could prevent the occur- layer epitax\, on (001)GaAs substrate, in: Proc. Sino-Soviet
rence of mismatch-strain relaxation. In contrast Seminar on Spectroscopy and Optoelectronics in Semi-
with CdTe-ZnTe MQWs and superlattices, the conductors and Related Materials. Eds. S.C. Shen and

(CdTe),,,(ZnTe),,-ZnTe structure has great ad- Z.P. Wang (World Scientific. Singapore. 1990).

vantage in achieving high crystalline quality, due [8] R.D. Feldman. R.F. Austin. P.M. Bridenbaugh. A.M.
Johnson. W.M. Simpson. B.A. Wilson and C.F. Bonner, J.

to large reduction of misfit dislocations. In ad- Jono. W. 04 Simson 19.Appl. Phys. 64)11988) 1191.
dition. it was found that the ALE technique is [91 T. Yao. H. Nakao. H. Kawanami and R. Toba. J. Cr-xstal

superior in the growth of heavily strained and Growth 95 (1989) 107.
ultra-thin period multilavers. 1)1 H. Shtrikman and E. Finkman. Superlattices and Micro-

structures 6 (1989) 55.
[11] R.H. Miles. G.Y. Wu. M.B. Johnson. T.C. McGill. J.P.

Faurie and S. Sivananthan. Appl. Phys. Letters 48 (1986)
Acknowledgments 1383.

[12] He-Xiang Han. B.J. Feldman. M.L. Wroge. D.J. Leopold

The present work is supported by the National and J.M. Ballingall. J. Appl. Ph,,. 61 )1987) 2670.

Committee of Science and Technology. The [131 Hf. Jung. A. Fischer and K. Ploog. Appl. Phys. A33 (1984)
97.

authors would like to express sincere thanks to [14] M.D. Camras. J.M. Brown. N. Holon.sak. Jr.. M.). Nixon.
professor Aizhen Li for her encouragement. and R.W. Kaliski. M.J. Ludowise. W.T. [)iet/e and C-R. Lewis.
also to Meifang Yu and Yiming Qiao for their J. Appl. Phs. 54)1983) 6183.
technical assistance. [151 R.H. Miles. T.C. Mc(iill. S. Sisananthan. X. Chu and JP.

Faurie. J. Vacuum Sci. Technol B5 11987) 1263.



Journal of Crystal Growth 111 (1991) 741-746 741
North-Holland

Surface stoichiometry effects on ZnSe/GaAs heteroepitaxy

M.C. Tamargo, R.E. Nahory. B.J. Skromme *, S.M. Shibli **, A.L. Weaver, R.J. Martin
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We describe a simple model, based on counting of valence electrons at the interface, which can predict the surface reconstructions
which provide optimal heteroepitaxial growth. Vertical photcxurrent measurements on a series of ZnSe/iGaA, heterostructures grown
b% molecular beam epitax, using various GaAs surface reconstructions, support the model predictions that surfaces which provide
nearl equal number of the constituent atoms for interface bonds produce the highest quality interfaces.

1. Introduction depends on the same formulation of electrostatics
for polar interfaces proposed by Harrison et al.

In the past several years the po.ssibility of [9). and provides a simple. intuitive approach based
fabricating heterostructures combining 11 -VI and on valence electron counting at the interface. To
Jil- V semiconductors has been actively pursued support our model we have grown a set of
in several laboratories [1 4]. In particular. recent ZnSe/GaAs heterostructures. using a dual cham-
reports demonstrate novel devices for which the ber molecular beam epitaxv (MBE) system, with
Ii VI/Ill V heterointerface is a critical part of various GaAs surface reconstructions on which
the device [5 7). This differs from the more usual the ZnSe laver was grown. We performed mea-
situation in which a IlI- V substrate is used for the surements of vertical photocurrent which reflect
growth of a 11 VI buffer laver in that. for these the ZnSe/GaAs interface quality in these hetero-
new structures. the quality of the heterointerface is structures. These results support the model predic-
of utmost importance. not only from a structural tion that GaAs surfaces which expose equal num-
and crystalline point of view, but also from an her of the two constituent atoms, Ga and As.
optical and electronic transport perspective. In provide the most favorable surfaces for ZnSe epi-
these recent results, the key has been in the pre- taxy 181. These surfaces produce electronically bal-
paration of the IlI V surface prior to I! VI growth anced interfaces with no excess charge, and there-
[6,7]. confirming earlier predictions [21. fore minimal densities of interface states. These

In this stud., we describe a method for predic- observations, although derived from measure-
ting the surface structures which provide the most ments on the specific case of ZnSe/GaAs are
favorable conditions for the ideal interface forma- applicable in general to other II VI/Ill -V svs-
tion. The method is based on a principle of elec- tems. Our results indicate that. although under
tronic balance at the II Vli Ill V interface 18. It some experime-atal conditions the formation of a

non-optimnal separate phase (e.g.. GaSe,) be-
tween the GaAs and the ZnSe may be forced to

Present addre.,: Department of [lectrictal Inginecring. occur, as has been proposed 10,111. ideal inter-
Arizona State I niersit,. tempe. ,/oni 5527-5716. faces which are abrupt and stable can be formed
t SA
Present addre,,: ntituto de t-,ica "(ileh-W taghin". without a need to invoke these interfacial layers
( nicamp. I 30] ("tmpmas. S11, Braztl and without any evidence for their formation.

(0J22-0248g $1 SO - 1991 Iseer SctenkC PubhliSCr% BA iNorth-Ilolland)
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2. The electron counting method a -

In the bulk, the stability of both diamond and (2X4)

zinc-blende structure semiconductors rests on the Key
As c

fact that the individual atoms are tetrahedrally . . 1st layer Ga e

bonded with two electrons per bond. For diamond _ '2nd layer As,

structure semiconductors, e.g., Si or Ge, this situa-
tion is achieved in an almost trivial fashion as (a) .3rd layer Ga

each atom has four valence electrons distributed
among the four bonding orbitals. Therefore each H H (3xl)
bond has the optimal configuration of a total of
two electrons: one from each of the two atoms
that it connects. -(oi1)

In the zinc-blende compound semiconductors (011)

(e.g.. GaAs or ZnSe). this requirement is also
satisfied as the cation contributes more than one (b)

electron and the anion less than one electron for a Fig. 1. Several surface reconstructions of the GaAs (100)

net occupancy of two. For example. in II-V surface: (a) The (2 x 4)p GaAs surface with a 75% As coverage.

compounds. each bonding orbital contains, on the an As-lean (2 X 4)a variant with a 50% As coverage and an
As-rich (2x4)y variant with excess chemisorbed As. (b) A

atorae 54 of an electron from the group Vl possible (3 X 1) surface structure with a 50% As coverage.
atom and 5/4 of an electron from the group V

atom.
In the case of II-VI/Ill-V heteroepitaxy, we should provide no excess charge at the interface.

first consider the hypothetical situation of an un- In practice, stable surface reconstructions are pro-
reconstructed interface. This involves abutting, for duced on the GaAs (100) surface which determine
example. a completely As terminated GaAs surface the surface stoichiometries available for growth.
to a Zn terminated ZnSe surface. As Za contrib- Thus, very accurate control of the experimental
utes 2/4 of an electron and As 5/4 of an electron conditions which produce a particular surface re-
to each bonding orbital, there will be a charge construction is needed to form the ideal II-VI/
deficit of 1/4 of an electron per bond (7/4 = 2 - II-V heterointerface.
1/4). resulting in a deficit of 1/2 of an electron The most frequently observed GaAs surface
per atomic site. The opposite situation obtains for reconstruction during MBE growth is the (2 x 4)
the abutment of Ga terminated and Se terminated As rich reconstruction [13-15]. It has been shown
surfaces, where there will be an excess of 1/2 of 116] that this reconstruction actually consists of a
an electron per site. This excess or deficit cannot family of structures, the simplest of which con-
remain localized at the interface, thus charge will tains three As dimers and as As dimer vacancy per
flow either in or out of the interface region. This unit cell. This gives an As coverage of 75%. How-
will result in a loss of local charge neutrality and ever. both more As-rich and less As-rich members
formation of interface states, which, in turn, will of the (2 X 4) family have been identified [16]. Fig.
produce hand bending and very high electric fields ]a shows three representative surface reconstruc-
at the interface. In order to reduce these high tions for the three regimes. denoted as a. ft and y
electrostatic fields, compensatory processes such for the As-lean. 75%. and As-rich range of com-
as electron field enhanced diffusion or desorption positions. respectively. Of these. only the As-lean
are expected to occur, which may destroy the (2 x 4)a approaches the desired 50% surface
ideal, planar nature of the interface 112]. stoichiometry. The Ga-rich (4 X 2) surface recon-

The solution to the electronic imbalance at the struction is also often observed in MBE growth.
interface is. in principle, rather simple. A mixed While it is not as well established, this diffraction
interface, containing 50q 6a and 50% As atoms pattern is believed to correspond to a 75% Ga
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coverage under ideal conditions, and higher effec- I I.
tive coverage can occur due to the formation of p = 1.mw, 

2

Ga droplets. X"
Several transitional reconstructions have been 1 (2x4)

observed in going from the (2 x 4) to the (4 X 2) 2" - ___
regimes 17]. It is therefore reasonable to expectX

r
that these may take us close to the ideal 50% C 4

surface stoichiometry. Two of these intermediate
structures which have been observed show a (4 X 6) 1.7 1.9 2.1 2.3 2.5 27 2.79 2.B2

or a (3 X 1) reflection high energy electron diffrac- Energy (eV)
tion (RHEED) pattern. They are believed to rep- Fig. 2. Low temperature photoluminescence spectra for two

resent two different paths in the evolution from a samples consisting of a thin (1000 A) ZnSe layer grown on

(2 x 4) to a (4 X 2) surface reconstruction. Both ln0 .GaAs substrates; one having a (2x4) and another a
(4 x 2) surface reconstruction.

represent a family of surfaces which possess a

range of surface compositions and can provide. in
some of their members, nearly stoichiometric in- more than 30 s (up to several minutes), depending
terfaces [8]. Fig. lb shows an example of a surface on the details of the growth conditions used. rep-
with a (3 X 1) surface reconstructions, a dis- resenting growth of a relatively thick (50-100 A)
ordered from of the c(6 X 4). which provides nearly layer before smoothening of the growth surface
equal number of As and Ga atoms at the surface takes place. Transition times on the (3 X 1) surface,
and which will be discussed below. Recently. Qiu although always short, vary from negligible (less
et al. [6] and Kobayashi [7] have reported ex- than 5 s) to approximately 15 s. apparently de-
tremely good optical and electrical properties from pending upon sample thermal history. Low tem-
ZnSe/GaAs interface . They both observe the for- perature photoluminescence (PL) from 1000 A
mation of a (4 x 3) surface reconstruction on the ZnSe layers grown on lnf),GaAs bulk substrates
GaAs substrate prior to ZnSe deposition. This are shown in fig. 2. In one case the ZnSe layer was
surface is believed to be a Se-modified version of grown on the (4 x 2). Ga stabilized substrate
the (4 X 6) GaAs surface which may provide nearly surface, produced upon de-oxidation of the sub-
50: 50 Ga-to-As ratio [81. strate in the absence of an As flux. In the other.

the substrate was heated in the presence of As.
thus obtaining a (2 X 4) surface reconstruction

3. Evaluation of interface quality: RHEED and prior to ZnSe growth. The sample grown on a
photoluminescence studies (4 X 2) surface exhibits an initial three-dimen-

sional growth mode. Its PL is dominated by deep
Several means are available to evaluate inter- level emission indicating poor quality of the ZnSe

face quality. each of which provides information near the interface region. By contrast, a similar
on different aspects of the interface. Thus, an sample grown on a (2 x 4) surface, which gave a
ideal interface must aim to optimize as many of negligible RHEED transition time. exhibits a PL
the criteria as possible. The most immediate indi- spectrum with almost exclusively band edge
cation of a good or bad interface is the evolution luminescence and very sharp excitonic features.
of the RHEED pattern as one initiates heteroepi- The apparent insensitivity of the initial RHEED
taxial growth. As we had previously reported 1i1, transition times to the degree of As coverage within
instantaneous two-dimensional nucleation of ZnSe the (2 x 4) family of structures may he explained
is typically observed on the (2 x 4) surface recon- by electric field enhanced desorption of excess As
structions, while a long lasting three-dimensional from the GaAs surface. This compensatory pro-
initial growth. which we refer to as transition time, cess. which would reduce the effect of the elec-
occurs on the (4 x 2) GaAs surfaces. In the latter tronic imbalance at the interface, would actually
case. this disordered initial growth mode lasts for take us closer to ideally stoichiometric composi-
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tions. On the other hand, surfaces which contain Table I

an excess of Ga atoms cannot undergo such a Summary of the parameters of interest in the ZnSe/GaAs

compensatory desorption due to the relatively o heterostructure studied

vapor pressure of Ga. In these cases, roughening Sample GaAs RHEED Cap

of the surface and intermixing may become the No. surface transition laver

preferred mechanisms to relieve the interface im- structure time

balance. This roughening may in some cases lead 27 0 (2×41¥ 5 Noto the formation of gallium selenide phases at the (3 x 1) 15
interface. 33S (2 

x 
4)y 10 No

347 (3 x 1) S Yes

348 (4 1) 5 Yes

4. Vertical photocurrent studies

In addition to the structural properties of the then transferred via UHV to the II-VI chamber
heterointerface, one must establish the quality of where the ZnSe was grown. Prior to ZnSe growth
the interface with respect to electronic transport the samples were heated in order to obtain the
across it. Here we propose a method based on desired GaAs surface reconstructions. as de-
vertical photocurrent (PC) through the interface. termined b' RHEED. For one case. sample tem-
By this we mean that current flows perpendicular peratures were raised until the (2 x 41 RHEED
to the interface, between the epilavers and the pattern first appeared (designated as the more
substrate. Although transport across the interface As-rich (2 X 4 )-y) and immediately cooled to
is a complex process which is not well understood. 270(-' for growth of ZnSe. In others, the temper-
photocurrents are well known to be very sensitive ature was raised further until, upon the disap-
to the presence of traps. so that driving carriers pearance of the (2 X 4) pattern, a (3 X 1l recon-
directly across an interface is a good measure of struction could be identified. They were then im-
interface quality. Thus. all else being equal. the mediately cooled, also, for ZnSe growth. One sam-
magnitude of the photocurrent will \ary with the pie was heated to slightl\ higher temperatures. in
densit\ of interface states. which case a (4 X I ) surface evolved upon cooling.

For these purposes a structure was . ed This reconstruction may be related to the previ-
consisting of an n -GaAs substrate, an n-GaAsiSi) ouslv reported 16.71 (4x 3) surface. As stated
epilaTer In = 10" cm '. d= 500 nm) and an n- earlier, in all the samples used in this study the
ZnSe((ia) layer (n 10' cm d = 500 nm). A RHEED transition times were less than 15 s. The
series of such structures were grown, varying only relevant parameters compared in this study are
the reconstruction of the surface of the GaAs summariued in table 1.
epilaer. as observed bv RHEEI). prior to the A Schottkv diode was prepared from each
growth of the ZnSe la\cr. We note here that as a structure b-, fabricating a thin. It) nm. Cr disk
side experiment some samples also included an (450 pm diameter) and Au ring contact on the
additional GaAs laser as a thin cap I - 20 nm) on ZnSe surface. A Au Ge ohmic contact was ap-
top of the ZnSe to passivate the free surface, plied on the n '-GaAs substrate, and after dicing.

[he samples %ere grown in a dual chamber individual diodes were bonded to TO-1 headers
MBt. svstem. In detail, a 0.5 pm layer of (iaAs for measurement. Light from a tungsten lamp,,
In ) %as grown on (aAs) I M)) n substrates in a monochroinator source was used. incident directly
chamber dedicated to (aAs grown, under t',pical through the thin Cr Schottkv dot. Spectra were
MBI.1 growth conditions. *The samples were then measured with wavelengths covering the range
cooled belo 4(M)'(' in the presence of an As from 0.4 to 1.0 pm. spanning the bandgaps of
background. -This t',picallv, gave a verN As-rich both GaAs and ZnSe. Light was thus absorbed on
0(4 x' 4) surface reconstruction. which served as a either the ZnSe or the (iaAs side of the interface
starting condition for all cases. The samples %ere and the resulting phtolocurrent observed and
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100 306(3x For photon energies greater than 2.9 eV we
" ,-- obtain PC due to absorption in the ZnSe. The

r -----------i......... magnitude of this photocurrent is apparently1 dominated by the free surface due to surface re-

0' combination. This is evidenced by variations from
S1) ......-1diode, as well as by variations due to ambient

L I  conditions (e.g. room air versus vacuum). Im-

335(2x4)T provement of these effects occurs when a thin 20
0. nm GaAs cap layer is included on the ZnSe. For

27o(2x4)1 example, samples 347 and 348, which show the
Slargest ZnSe PC signals both contain a GaAs cap

"- ,layer, while the others do not. More precise stud-
Photo, E.wgy (V) ies need to be made of these ZnSe surface effects.

Fig. 3. Vertical photocurrent spectra for a series of GaAs/ZnSe
heterostructures differing from each other in the GaAs surface
reconstruction obtained before ZnSe deposition. The inset

shows a schematic of the device configuration.

5. Conclusions
evaluated with transport through the heterointer-

face. The re..!ting photocurrent spectra are pre-
sented in fig. 3. Both the GaAs and the ZnSe We propose a simple model, based on elec-
absorption edges are clearly seen near 1.4 and 2.7 tronic balance at the interface, to predict the
eV. respectively. We plot the log of the photocur- surface reconstructions which form the most
rent versus photon energy, where the vertical scale, favorable ll-VI/Ill-V heterointerfaces. The elec-
although in arbitrary units, preserves the relative tron counting method in this model predicts that
magnitudes from sample to sample. (The quantum surfaces with equal number of the constituent
efficiency in GaAs for the best case is about 4%, a atoms available for formation of interface bonds
good value considering that the layer thicknesses will produce ideal, abrupt interfaces with overall
were not optimized for this and that there is a electronic balance, and a reduction of interface
large valence band offset.) The data clearly reflect states. This was demonstrated by vertical photo-
the changes in surface reconstruction. For absorp- current measurements made on a series of samples
tion in GaAs, observed for photon energies < 2.5 prepared with various GaAs interface stoichiome-
eV. the pC signals were largest for samples with a tries, with minimum interface states for the (3 x 1)
(3 x 1) reconstruction, while the lowest were for reconstruction. These samples also show short
the As-rich (2 x 4 )y surface reconstructions. An transition times upon initiation of ZnSe growth.
intermediate value was observed for the (4 x 1) These two results indicate that very high quality,
surface. These differences are large, ranging from abrupt ZnSe/GaAs interfaces have been obtained
I to 2 orders of magnitude. Large photocurrents for growth on the nearly stoichiometric GaAs
corresponding to absorption in the GaAs were (3 x 1) surface. Our results provide no evidence
never observed for the (2 x 4)y reconstruction, for the existence of a distinct interfacial layer, as
while the large photocurrents seen for the (3 X 1) has sometimes been proposed [10.11]. In this ini-
interface could be reproduced. We attribute the tial study, only three reconstructions were ex-
differences in photocurrent to interface states amined to establish the correlation between inter-
which dominate in the (2 x 4)y case, giving carrier face quality and interface stoichiometry. A more
trapping and recombination. We conclude that the gradual variation of the reconstructions may iden-
(3 X 1) case gives reduced trapping because of tify intermediate cases that approach even more
better interface stoichiometry, and therefore large closely electronic balance at the interface, produc-
photocurrents. ing an optimal heterointerface.
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ZnSe/GaAs heterovalent interfaces: interface microstructure
versus electrical properties

J. Qiu *, D.R. Menke, M. Kobayashi, R.L. Gunshor, Q.-D. Qian * *

School of Electrical Engineering, Purdue Universitv. West Lafayette. Indiana 47907, USA

D. Li and N. Otsuka

School of Materials Engineering, Purdue Unitersts. West Lafayette. Indiana 47907, USA

Epitaxial ZnSe/epitaxial GaAs interfaces are formed by molecular beam epitaxy and evaluated by several techniques including
capacitance-voltage (C-IV) measurements. The GaAs surface stoichiometry is systematically varied prior to the nucleation of ZnSe.
A dramatic reduction of interface state density occurred when the GaAs epilayer is made As deficient- The ZnSe/GaAs interfaces
exhibiting low interface state densities are associated with the presence of an interfacial layer of zincblende GaSe,. In situ X-ray
photoelectron spectroscopy (XPS) is used to study the nature of the bonding at the interfacial layer. The character of Se 3d core level
features from the interfacial region and from separately grown Ga .Se3 epilayers support the identification of the interfacial layer as
Ga Se,.

I. Introduction results in as-grown samples exhibiting nearly ideal
C- V characteristics without the necessity for

In recent years there has been considerable post-growth annealing. The interface between the
activity involving the growth and study of various ZnSe epilayer and the GaAs epilayer is evaluated
heterostructures and heterojunctions. The majority by in situ X-ray photoelectron spectroscopy (XPS).
of this effort is focused on heterojunctions formed
between Ill-V compounds. Unlike the homova-
lent Ill-V heterostructures, ZnSe/GaAs is char- 2. Sample preparation and electrical properties
acterized by a chemical valence mismatch at the
interface. Previously it has been shown that, de- Both the ZnSe and GaAs epilayers were grown
spite this valence mismatch across the interface, it in separate growth chambers of a modular MBE
was possible to obtain (at least in the case of system in order to avoid cross-contamination:
epilayer/epilayer structures) heterovalent inter- transfer between growth chambers occurred in an
face state densities comparable to those achieved ultrahigh vacuum (UHV) transfer module. The Be
from (AIGa)As/GaAs structures, by employing a doped p-type (1.0 X 1017 cm- 3) GaAs epilayers
post-growth annealing procedure [1-8]. In this were grown on (100) oriented Zn doped GaAs
paper we present a growth technique, involving substrates at a substrate temperature of 582°C.
the selection of an appropriate GaAs surface Reflection high energy electron diffraction
stoichiometry prior to nucleation of ZnSe [9], that (RHEED) was used to monitor the film growth: a

(2 x 4) reconstruction pattern was observed

* Present address: 3M Company. St. Paul. Minnesota 55144, throughout the GaAs epilayer growth When the
USA. temperature of the GaAs epilayer was lowered

* Present address: Intel Corporation. Santa Clara, California after the growth. an As-rich c(4 X 4) reconstruc-
95052-8125. USA. tion pattern was observed. Following the growth

0022-0248/91/S03.50 1991 - Elsevier Science Publishers B.V. (North-Holland)
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of the GaAs epilayer, samples were transferred in 10

UHV to a second growth chamber for the nuclea- (4 i 3)

tion of ZnSe. The ZnSe epilayers were grown 8 - ,

using elemental sources at a substrate temperature .,

of 320 0 C. The flux ratio was set at unity using a._
quartz crystal monitor placed at the substrate I
position. ,

A series of experiments were performed in the 4.

ZnSe growth chamber wherein the GaAs epilayer

surface stoichiometry was altered prior to the 2
nucleation of ZnSe [9]. Starting from the as-trans-
ferred sample which had the arsenic-rich c(4 x 4) 0 _ ______4 _6

reconstructed surface, the GaAs epilayers were -6 -4 -2 0 2 4 6 8

heated to different temperatures to reduce the Vg (volts)

surface As content, resulting in four different Fig. 1. Experimental (solid line) and theoretical (dashed line)

GaAs interface reconstructions. When the GaAs C-V characteristics of the ZnSe/p-GaAs heterojunctions at
room temperature. All of the data were taken at I MHz in the

was heated to approximately 4600 C, a (2 x 4) dark with a sweep rate of 0.1 V/s. The theoretical curves are

surface reconstruction was observed. At about calculated corresponding to the doping densities obtained from

510°C, a (4 X 6) surface reconstruction pattern C-V profiling and the ZnSc epilayer thickness measured from

appeared. As the GaAs epilayer temperature con- TUM images.

tinued to be raised above the temperature where
the (4 x 6) pattern was observed, in the vicinity of
535 C the reconstruction again changed. Al- grown heterostructures. For comparison, ideal (ne-

though one might expect that a (4 x 2) Ga-stabi- glecting the effect of interface states) theoretical
lized pattern would follow the (4 X 6) as the tem- C- V curves were calculated corresponding to the
perature was increased [10], the reconstruction doping densities obtained from C-V profiling and
pattern recorded was a (4 x 3) [5]. The latter re- the ZnSe thicknesses measured from TEM images.
construction, differing from the conventionally re- In all cases the flat-band voltages of the theoreti-
ported Ga-rich GaAs surface reconstruction pat- cal curves were shifted to facilitate comparison
terns. may have resulted from the "decoration" with the experimental data. (The variation in the
[11] of the heated GaAs surface by high vapor flat band voltage, caused by the presence of fixed
pressure species such as Se or Zn, or by the charge at the interfacial region. did not affect the

formation of a submonolayer coverage of GaSe,. total range of band bending.) As shown in fig. 1. a
Such a modification of the GaAs reconstruction typical sample, nucleated on a Ga-rich surface.
pattern seemed not unlikely since the background as-grown, exhibited a clear accumulation ledge:
chamber pressure rose from about 5 x 10 " Torr the thickness of the ZnSe epilayer calculated from
to as high as 5 x 10 ' Torr as the GaAs epilayers the accumulation capacitance was 840 k. a value
(and contiguous substrate mounting hardware) which agreed closely with the TEM measurement.
were heated to increase the degree of As de- The samples associated with both (2 X 4) and (4 x
ficiency. 6) GaAs surfaces showed a tendency to form a

Following the growth of the epitaxial ZnSe/ hole accumulation layer before current started to
G.,As heterojunctions, circular capacitors with Al flow across the ZnSe layers. For these samples. an
metalization were fabricated by an evaporation interface state-related stretching could be clearly
lift-off procedure, and series of C-V measure- seen from the depletion portion of the C- V curves.
ments were performed. All of the data shown here (The C-- V characteristics of such samples im-
were taken in the dark. Fig. I shows the room proved to nearly ideal following the same thermal
temperature. 1 MHz C-V characteristics of annealing procedure as described above [6,7].)
AI/ZnSe/p-GaAs capacitors fabricated on as- Among the four types of as-grown samples. the
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capacitors associated with the c(4 X 4) GaAs growth rate), whereupon the sample (as-grown
surface exhibited the most pronounced interface interfacial layer) was transferred under UHV to
state-induced stretching near the mid-gap, while the XPS chamber. Subsequent to the binding en-
those capacitors formed on a Ga-rich GaAs surface ergy measurement of interface: species, the sample
had no indication of such stretching, indicating a was transferred back to the ZnSe growth chamber
virtual elimination of interface states in this region for completion of the ZnSe layer growth. In ad-
of the band gap. The only remaining interface ditional alternative experiments, Se was intention-
states in those samples were distributed near the ally reacted with the Ga-rich (4 X 3) surface. This
valence band edge. The C- V characteristics were was accomplished by first heating the GaAs epi-
virtually independent of frequency from 1 kHz to layer until the (4 x 3) reconstruction was observed
4 MHz. and then exposing it to a 2.0 x 1014 atoms/cm2. s

The interface state density distributions were Se flux for 25 s while at high temperature. The
measured using Terman's method. By comparing temperature was then reduced to 320'C and ZnSe
the interface state densities near the mid-gap for was grown as in the other experiments. C- V pro-
the series of samples, a clear trend showing a files of samples having the "Se-reacted interface"
reduction in the interface state density as the are essentially the same as those of samples having
GaAs epilayer surface became increasingly As de- as grown interfacial layers: both have nearly ideal
ficient was observed. For the samples grown on interface properties (as discussed in ref. [9]).
Ga-rich GaAs the interface state density, in- To aid in the identification of the interfacial
tegrated over the lower portion of the GaAs band layer. a 450 A thick epitaxial layer of Ga 2 Se, was
gap, was approximately 3 x 10l cm -2 .  grown on a GaAs epilayer. The Ga Se3 was

It had been previously speculated that the nucleated on an As-deficient, (4 X 3) recon-
ZnSe/GaAs interfaces exhibiting the low interface structed GaAs surface at a substrate temperature
state densities were associated with the presence of 400'C using a Se-to-Ga flux ratio of 3:1. A
of an interfacial layer of GaSe, [4.5.9]. Recent (2 X 1) reconstruction pattern was observed dur-
TEM cross-sectional dark field and high resolu- ing the growth. Upon completion of the growth.
tion images of heterojunctions formed on (4 x 3) the Ga2Se3 epilayer was transferred under UHV
reconstructed GaAs surface indicated the presence to the XPS chamber for analysis.
of ,,n uniform band interpreted as an interfacial Fig. 2 shows Se 3d core level photoemission
compound having an average thickness of 2 mono- energy distribution curves for (a) the ZnSe epi-
layers [12]. Image simulations strongly supported layer, (b) the Ga 2 Se. epilayer. (c) the interfacial
the identification of zincblende Ga 2Se3 as the layer, and (d) the Se reacted layer. The Se 3d
interfacial layer formed on As-deficient GaAs epi- features from ZnSe (fig. 2a) consist of a dominant
layers. As described in the nex" section. the TEM doublet (two spin-orbit components: 3ds,2 and
results have been further supported by an investi- 3d3/,2) originating from the bulk of the ZnSe
gation of the interfacial bonding using XPS. epilayer, plus a very small peak at higher binding

energy attributed to surface Se. As seen in figs. 2c
and 2d, a very broad Gaussian component is

3. XPS anaPysis of the interfacial region needed to fit the Se 3d of the interfacial region.
This peak is identified as the plasmon loss feature

The XPS measurements were performed using a of As 3d electrons [13]. In fig. 2c the Se 3d feature
PHI series 5000 XPS system integrated into the can be resolved into three peaks including a com-
modular MBE system. The pressure inside the ponent corresponding to Sc bound to Zn (ZnSe).
XPS chamber during the measurements was less The other two components can be assigned to the
than 2.5 × 10- 0 Tort. interfacial layer. The binding energy of the feature

In a typical experiment designed to analyze the attributed to Se bound to Zn is located at 0.2 eV
interfacial region using XPS, the growth of ZnSe lower than the higher energy feature from the
was interrupted 5 s after the nucleation ( 2 A/s interfacial region. It is apparent that the line shape
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.. . .. --------.. . and the Se features associated with Ga Se3 is 34.6
Se 3d Ga2Se3  meV, a value seen to be close to that determined

ZnSe from spectra from the GaSe3 epilayer.
0

4. TEM analysis of Ga2Se3 epilayer
Z Intertacial layer (c) Se reacted layer (d)

The 450 A Ga Se3 epilayer has been examined

2 by TEM. Observations of diffraction patterns have
f---..- ' - - tshown that the epilayer has a zincblende type

-- structure and formed a good epitaxial relation

62 59 56 53 50 62 59 56 53 50 with the GaAs epilayer. In [011] diffraction pat-
Binding Energy (eV) terns of cross-sectional samples and [100] diffrac-

Fig. 2. The Se 3d core level photoemission energy distribution tion patterns of plan-view samples. each Bragg
curves for (a) the ZnSe epilaver. (b) the GaSe3 epilayer. (c) spot of GaAs is accompanied by a spot from the
the as-grown interfacial layer, and (d) the Se reacted layer. The epilayer. The lattice parameter of the zincblende
features are resolved into several doublets which are attributed structure of the epilayer is determined from the
to spin-orbit splitting. Both the interfacial layer and the Se diffraction patterns. The estimated value is 5.43 +
reacted layer include the As 3d plasmon loss feature in ad-
dition to the Se 3d peaks. In fig. 2c the Se 3d feature can be 0.02 A which is smaller than the lattice parameter
resolved into three components including a component (shaded of GaAs by about 4%. The reported lattice param-

in the figure) corresponding to Se bound to Zn (ZnSe). eter of Ga2 Se3 is 5.418 A [16], a value close to our

estimate, indicating that the epilayer is nearly
stoichiometric Ga ,Se,.

of the Se 3d peaks originating from the interfacial
layer, the Se reacted layer, and those from the
Ga.Se, epilayer are quite similar. The Se 3d peaks 5. Conclusion
from the interfacial layer. the Se reacted layer. and
those from the GaSe3 epilayer show two doublets In conclusion, the as-grown heterointerfaces
of comparable magnitude separated by 0.95 eV, between ZnSe and p-GaAs are evaluated under
each having the same branching ratio (the same as device-like conditions by means of C- V measure-
the Se in the ZnSe epilayer). and with the area ments. It is shown that the interface state density
ratio of the high binding energy feature to the low can be reduced by orders of magnitude when an
binding energy feature of 2:1. This ratio is ex- appropriate GaAs epilayer surface stoichiometrv
pected as it corresponds to the ratio of the number is chosen for the subsequent nucleation of a ZnSe
of Se atoms having vacancies in one nearest epilayer. In situ XPS is used to analyze the nature
neighbor site to the number of Se atoms having of the bonding at the interfacial layer. The char-
two nearest neighbor site vacancies. A more de- acter of Se 3d core level features from the ZnSe
tailed discussion concerning the origin of the area epilayer surface, from the interfacial region, and
ratio is given elsewhere [141. from separately grown Ga2Se, epilavers supports

The binding energy difference between Se 3d the identification of the interfacial layer as GaSe,.
and Ga 3d was compared for the GaSe3 epilayer,
the as-grown interfacial layer, and the Se-reacted
layer. The binding energy difference for the Acknowledgements
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High-quality ZnSe/GaAs superlattices: MEE growth, and structural
and optical characterization

S. Ramesh. N. Kobayashi and Y. Horikoshi
N7T Basic Research Laboralories, Mtsashino-shi. Tokro-180 Japan

High-quality ZnSe/GaAs superlattices were grown by migration-enhanced epitaxy (MEE) and characterized using X-ray
diffraction, electron microscopy and photoluminescence. The streaky reflection high-energy electron diffraction (RHEED) pattern
and strong, persistent RHEED oscillations observed during the MEE growth of the superlattices indicate a smooth growing surface.
The sharp satellite peaks observed clearly in the double-crystal X-ray diffraction rocking curve of a 21-period ZnSe/GaAs
superlattice confirm the excellent crystalline and interfacial quality of the superlattice. Cross-section transmission electron mi-
croscopy (TEM) shows flat. abrupt heterointerfaces. Superlattice photoluminescence spectra show that both photo-excited electrons
and holes are confined in GaAs wells: also seen are the sharp excitonic features from the coherently strained ZnSe cap and barrier
layers of the superlattice.

1. Introduction growth of high-quality ZnSe/GaAs superlattices
with careful preparation and monitoring of the

ZnSe/GaAs superlattice and quantum-well superlattice growth surface, reduction of impurity
structures are attractive because of the small lattice contamination, and optimization of (low-tempera-
mismatch (0.27%) between ZnSe and GaAs, and lure) As4 and Ga deposition conditions to facili-
the wide band gap and small dielectric constant of tale GaAs-on-ZnSe growth: this allows growth of
ZnSe. A large optical non-linear effect is expected large number of periods of the superlattice of high
in these structures [1]. A number of studies have quality and enables characterization using X-ray
been reported on the ZnSe-on-GaAs heterostruc- diffraction and photoluminescence.
tures 12-4]: however, it is difficult to form the
GaAs-on-ZnSe heterostructure by conventional
molecular beam epitaxy (MBE) and metal organic
chemical vapor deposition techniques. This diffi- 2. Experimental
culty is primarily due to the large difference in
optimal growth temperatures of ZnSe (- 300 0 C) A conventional MBE apparatus equipped with
and GaAs (> 5500C). Recently. migration-en- a 10 kV RHEED (reflection high-energy electron
hanced epitaxy (MEE) [5] has been developed as a diffraction) system was used for MEE growth.
low-tempeiature growth technique to form com- Both GaAs and ZnSe were grown in the same
pound semiconductor heterostructures with sharp growth chamber. During growth the RHEED pat-
interfaces. The optimal growth temperature mis- tern was observed and the specular beam intensity
match between ZnSe and GaAs was solved by variations were monitored along the [100] azimuth
applying MEE for lowering the growth tempera- at an incident angle of 1.50.
ture of GaAs to 250'C. The problem of low The substrates used were all (001)-oriented
sticking coefficient of As on ZnSe surface was semi-insulating GaAs wafers. The surface oxide
circumvented by As4 deposition at very low tem- layer was removed by annealing the wafer in the
peratures. Thus, a ZnSe/GaAs superlattice has growth chamber at about 580°C in an As, flux.
recently been fabricated [6]. Here, we describe the At this stage the (2 x 4) RHEED pattern due to

0022-0248/91/$03.50 19"t - Elsevier Science Publishers B.V. (North-Holland)
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As-stabilized surface of GaAs is observed. A GaAs arse MEE
buffer layer (180 nm thick) was growth by conven-

tional MBE at 'SO0 C at a growth rate of 1.5 A/s Zn-Covered
and a streaky RHEED pattern was confirmed. To Surface --c(2x2
further improve the flatness of the buffer layer a i I

20 nm layer of GaAs was grown at a temperature
of 250 * C by MEE. The beam equivalent pressure(BEP) values for GaAs growth by MEE at 250C CII

are 1.5 X 10- 7 Torr for Ga and 1.6 x 10-6 Torr
for As 4: flux durations were 1.8 and 8.2 s for Ga ii

and As 4. respectively. II
ZnSe/GaAs superlattice (nominal layer thick- -(2x1)

ness: ZnSe 20 nm, GaAs 20 nm) was then grown
by MEE at a growth temperature of 250'C: the Se-Covered
topmost ZnSe layer (28 nm thick) acts as the cap.

Growth and characterization of these structures is Zn 10s Se 10s
briefly reported in our recent paper [7]. MEE Fig. 1. RHEED specular beam intensitS oscillation and alter-

growth of the ZnSe layer after growth of the GaAs nating RHEED patterns during MEE growth of a ZnSe laxer

layer was done with the Ga and As 4 cells at room of the ZnSe/GaAs superlattice (1001 azimuth).

temperature and the chamber pressure down to
- 10 ' Torr. (this takes about 90 min). These streaky (2 x 4) RHEED pattern is seen indicating
precautions were sufficient to ensure that the ZnSe the formation of a thin crystalline GaAs laver.
growth proceeded without deterioration of the The RHEED specular beam intensity, which de-
growing surface as monitored by RHEED. For the creases after the As4 and Ga deposition at room
growth of the ZnSe layer. the BEP values were temperature, recovers and saturates after the few
1.5 X 10 7 Torr each for Zn and Se and the beam minutes of annealing at 250'C (fig. 2). MEE
flux durations were 10 s each. The RHEED pat- growth of the 20 nm thick GaAs layer is then

tern observed along the [1001 azimuth changed carried out at 2500C with no deterioration of the
clearly from c(2 x 2) on completion of the Zn growing surface: this is evidenced by the strong.
supply to (2 X 1) on completion of the Se supply.
as the Zn and Se beams were alternated (fig. 1). Zn surface As open
The RHEED specular beam intensity oscillation , \
amplitude saturated at the maximum at the end of "k As close
each Zn supply duration and at the minimum at
the end of each Se supply duration. For the growth 1 ML Go
of GaAs on ZnSe. the low sticking coefficient of 11 ML Ga.
As 4 on ZnSe surface necessitates initiation of I"' I ___
GaAs growth by deposition of amorphous gallium t 5mm
arsenide at a low temperature, followed by solid Start to increaseTsaheebyA 4  Zn Se from 2500Cto250"0 GaAs
phase epitaxial regrowth. This is achieved by As, M e MEE

deposition onto Zn-stabilized ZnSe surface at an

optimum temperature of 25°C followed by de- As adsorption
position of two atonic layers of Ga also at 25'C
and in situ annealing for a few minutes at 250 0 ( '. __ _

(Whereas I ML of Ga may he sufficient, 2 ML are Cooling from Annealing
deposited to ensure that after the annealing step. Ts= 250"Cto 25C at Ts = 250"C
subsequent growth will occur on crystalline GaAs Fig. 2. Eolution of RHFIED specular beam intensitv during

at all locations.) At the end of this procedure a surface preparation for GaAs growth on ZnSe (11001 azimuth).
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persistent RHEED oscillations. The RHEED
oscillation amplitude was equally large even at the
highest period numbers of superlattice grown.

3. Results and discussion GaAs

Fig. 3 shows a double-crystal X-ray rocking- ZnSe
curve obtained from a 21-period ZnSe/GaAs su-
perlattice in the vicinity of the (004) GaAs Bragg
angle. The sharpness of the diffraction satellite 5Qnm
peaks, with full-width at half-maximum of 100 arc Fig. 4. Cross-section TEM bright-field image of a ZnSe/GaAs

sec, indicates the high crystalline and interfacial superlattice grown by MEE.

quality of the superlattice. The period thickness of
this superlattice, calculated in the usual manner
from the angular spacing of the superlattice satel- cross-section high-resolution electron microscopy
lite peaks. is 40.8 nm. which is in agreement with imaging shows featureless, perfectly coherent het-
the average period thickness obtained from trans- erointerfaces at both the ZnSe-on-GaAs and
mission electron microscopy measurements. TEM GaAs-on-ZnSe interfaces.
was used to examine the superlattice structure in The thickness of the GaAs layers of the super-
greater detail. Cross-section bright-field TEM lattice obtained from the TEM micrographs is as
image (fig. 4) shows flat, abrupt heterointerfaces expected from a MEE growth rate of about one
and no dislocations or stacking faults, confirming monolayer/cycle. However, the thickness of the
that strained pseudomorphic growth of the super- ZnSe layers of the superlattice obtained from TEM
lattice layers occurs. The interface microstructure micrographs yields an MEE growth rate of less
of the superlattice observed over wide areas using than 0.67 monolayer/cycle for ZnSe growth at

250'C. Reported values of growth rate of ZnSe
during atomic-layer controlled epitaxy range from
1/3 ML/cycle [91 and 1/2 ML cycle [6] to I

Ga s ML/cycle [8]. In our study of MEE growth of(0 4)

11 ZnSe at 250'C. the alternate observation of the
1,.c(2 x 2) and (2 X 1) RHEED patterns does not

+- _appear to guarantee complete monolayer coverage

-2 A per cycle. Strain may play some role in the resis-
- -2 +2 tance to complete monolayer coverage. However.

/- additional experiments on MEE growth of ZnSe
-J 163 layers using various values of Se/Zn flux ratio.L_ - -3 ' 3 cycle durations and substrate temperatures shows

-4 +4 ct
- 5 + 5 that a growth rate of I ML/cycle can in fact be

1achieved over a wide temperature range [10]. Using
this growth conditions we have fabricated high-

quality single quantum well structures.
Photoluminescence characterization of the su-

32 5 330 335 perlattice structures was done at a temperature of

ANGLE [deg] 4.2 K using the 325 nm wavelength excitation
Fig. 3. Double-crystal X-ray rocking-curve of a 21-period from a He-Cd laser. The luminescence observed
ZnSe/GaAs superlattice obtained in the vicinity of the to(4) from a superlattice (20 nm GaAs wells, total su-

GaAs Bragg reflection. perlattice thickness of 880 nm) is shown in fig. 5.

hi
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5(0 b) .4952ev consistent with the layer thickness effect noted in
Zne/GAs4.2KSUPERLATTICE ref. [11,3,4]. The 2.8083 eV (heavy hole) and 2.8197

325nm EXCITATION eV (light hole) transitions are free exciton features,
0.1W CM2  while the 2.8032 eV feature is probably associated

7 with a neutral donor bound exciton. The 11.4 meV
hh-lh splitting corresponds to a strain of - 0.31%,

2. e rwhich is approximately that expected for fully
z

coherent growth on GaAs.
z2 8032eV

1.51646eV

0 )97ev 4. Conclusion
2.8191 2.7958 1.5357 1.5109 14796

ENERGY(eV ENERGY(eV) In this study we have demonstrated the MEE-

Fig. 5. 4.2 K photoluminescence spectrum of a ZnSe/GaAs growth of high-quality ZnSe/GaAs superlattices
superlattice (20 nm thick GaAs wells). Luminescence from (a)
ZnSc cap and harrier layers of the superlattice and (N) from at the low growth temperature of 250'C. In situ

GaAs wells. monitoring of the growth using RHEED indicated
smooth growing surface. Double-crystal X-ray
rocking curve measurements and transmission
electron microscopy confirm the excellent interfa-
cial and crystalline quality of the superlattices.
Sharp excitonic features have been observed in the

The reasonably sharp peaks seen in the lumines- pholuminescence spectra for the first time from
cence from the GaAs wells (fig. 5b) indicate that any multilaver structure involving GaAs-on-ZnSe
photoexcited electrons and holes are confined in growth.
the wells. The small blue shift (to 1.5165 eV) of
the excitonic luminescence from the 20 nm thick
quantum wells is as expected from the small con-
duction hand discontinuity for the GaAs/ZnSe Acknowledgements
heterojunction. The full width at half maximum of
this excitonic peak is 2.5 meV. The luminescence It is a pleasure to thank Dr. S. Tarucha and Dr.
peak at 1,4952 eV is probably due to band to
Zn-acceptor emission. (This indicates residual Ki g ordicon and r. i. timrafhis encouragement and interest in this work.
doping of Zn in GaAs, even though the concentra-
tion is below the detection limits of Auger and
SIMS.) Fig. 5a shows the luminescence from the
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Growth and characterization of ZnSe on (NH 4) 2S-treated GaAs
substrates: effect of GaAs surface microstructure on the growth rate
of ZnSe

Yi-hong Wu. Yoichi Kawakami, Shizuo Fujita and Shigeo Fujita
Department of Electrical Engineering. Koto Unjiersitv. Kvoto 606. Japan

We report the growth study of ZnSe onto (NH 4 )2S,-pretreated GaAs substrates. In situ reflection high-energy electron diffraction
(RHEED) showed that the (NH 4 ).S.-treated GaAs (001) surface took a streaky (I x I) RHEE'D pattern at room temperature and a
new surface reconstruction after heating up to 200 ' C. The new reconstruction pattern is characterized by curved lines between the
integral reflection diffraction rods. We attributed this pattern to the composite of a (2 x I ) reconstruction pattern of the (001) surface
and the reflection diffraction at {1 In) (n is estimated to be 5) surfaces of terraces formed at the (001) surface in the (NH 4 ),S,
solution. We speculate that these terraces are enlarged at the surface of the overgrown ZnSe and contribute to enhance the growth
rate of ZnSe throughout the entire stage of the heteroepitaxv.

I. Introduction the growth process in terms of surface structures
of the (NH 4 ) , S , -pretreated GaAs substrates.

GaAs wafers have exclusively been employed
as the substrates for epitaxial growth of ZnSe 2. Experimental
because of their high quality and small lattice-mis-
match to ZnSe. In the case of epitaxial growth of The growth was carried out in an ANELVA
ZnSe by a molecular beam epitaxy (MBE) system KMV-101 MOMBE system. A diffusion pump
with one growth chamber, the removal of the maintains the background pressure of the growth
GaAs surface oxide layer has usually been per- chamber below 2 x 10 ' Torr. Dimethvlzinc
formed at high temperature. e.g., >500-600'C (DMZn) and dimethylselenide (DMSe) were used
without As beam irradiation. This process causes a as the sources for Zn and Se. and were cracked at
rough GaAs surface because of the re-evaporiza- 950 and 8500C through tantalum crackers, re-
tion of As, which is not desirable for the ZnSe spectively. The results of quadrupole mass analy-
growth. sis suggest that the cracking efficiencies of DMZn

In order to overcome the above-mentioned dif- and DMSe at these temperatures are 70 80% [5].
ficulties, we have recently employed a new pre- An indium-free holder was used to mount the
treatment technique for GaAs substrate by GaAs substrate. The growth processes were in situ
(NH 4 )2S, solution for metalorganic molecular monitored by a RHEED observation system which
beam epitaxy (MOMBE) of ZnSe [1-4). Coin- consists of a CCD camera, a video recorder and
pared to the conventional thermal etching process. an image processing unit. For sulfur passivation,
the (NH 4 )2S,-pretreatment resulted in (i) two-di- we used the (NH 4 ),S, solution. In order to dis-
mensional growth from an earlier stage of the cuss the effect of sulfur passivation on the growth
growth, (ii) better optical properties of pseudo- of ZnSe, we also applied the conventional pre-
morphic ZnSe epilayers. and (iii) lower state den- treatment technique, i.e.. thermal etching. De-
sities at ZnSe/GaAs heterointerfaces. In the pres- tailed procedures have been described in previous
ent study, we focus on the growth rate and discuss papers [I-4].

0022-0248/91/S03.50 1, 1991 Elsevier Science Publishers B.V. (North-Holland)
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3. Results and discussion was less than unity [6-8]. Therefore, the adsorbed
sulfur atoms may influence the growth rate at the

3.1. Growth rate initial stages, but it is hardly expected that they
have any influence on the growth processes when

As a first step, we investigated the growth rate the underlying ZnSe layer is as thick as 0.8 tm.
of ZnSe epilayers grown on the GaAs substrates
pretreated by the two different methods. We 3.2. Surface structure
measured the epilayer thickness by ellipsometer
and calculated the average growth rate. The re- Excluding the possibility of influence by ad-
sults suggest that the growth rate tends to increase sorbed sulfur atoms, the other factor which can be
by the (NH 4 ),S , pretreatment. Fig. I demon- responsible for changing the growth rate is the
strates the increment of the growth rate on surface structure of the GaAs (001) surface treated
(NH 4 ).S,-pretreated GaAs substates compared by the (NH 4 ),S , solution. Hirayama et al. [61
to that on conventionally pretreated GaAs sub- reported that the (NH 4 )2S,-treated surface showed
strates. As can be seen from the figure. the growth a streaky I X I RHEED pattern before annealing.
rate on the (NH,).S,-pretreated substrate is about and a 2 x I surface reconstruction after annealing
20% higher than that on the substrate pretreated at 260 and 420'C. We also observed a streaky
by thermal etching, less depending on the thick- 1 x 1 RHEED pattern at room temperature; how-
ness of the overgrown epilayer. Prior to the growth, ever, after annealing, there appeared a new
(NH 4 ).S,-pretreated GaAs substrates were pre- RHEED pattern which was characterized by
heated at 4200 C. curved lines between the integral reflection dif-

The fact that (NH 4 ) S , pretreatment results in fraction rods. This pattern is clearly different from
higher growth rate not only for thin (e.g. 0.03 pm) the 2 x 1 pattern reported by Hirayama et al..
but also for thick (0.8 jtm) epilayers suggests that because the half order reflection diffraction rods
the growth rate enhancement is hardly attributed of a 2 x I RHEED pattern should be straight
to the influence of sulfur atoms adsorbed on the lines.
GaAs surfaces. It was reported that the coverage From the geometrical relations between the
rate of sulfur on GaAs surfaces after heating curved lines and the integral reflection diffraction
around the growth temperatures used in this study rods, we consider that the new RHEED pattern is

composed of a 2 x 1 pattern from the (001)
surfaces and those resulting from the { 1In ) facets

0 MBE ZnSe/GaAs(0t) of the terraces formed by the pretreatment using
Gthe (NH 4 ) 2 S, solution. Based on these considera-
GROWTH RATE INCREMENT DUE TO tions, a surface model of the (NH 4 ),S,-pretreatedM:30- (NH4)2 Sk -PRETREATMENTS H -GaAs (001) substrate and the corresponding

RHEED pattern with [110] azimuth are shown
o 20 schematically in figs. 2a and 2b, respectively. Since
0, the reflection diffraction rods from the surfaces of
Z the terraces look like curved lines due to the

overlapping of the half-order reflection diffraction
rods of the (001) surfaces upon them, it is difficult
to determine the exact value of n. However. from

01 .an enlarged photograph we calculated the angle 0
100 200 300 400 500 600 700 800 900

THICKNESS (nm) shown in fig. 2b to be 8.13' . suggesting that n is

Fig. 1. Increment of the growth rate as a function of the likely to be 5. However, the curved lines appeared

thickness of the overgrown ZnSe layer. Prior to the growth, very broad, and thus errors may be included in the
(NH4) 2S,-pretreated GaAs substrates were preheated at tern- calculations of 0 and estimation of n.

peralures of 42
0

*(" for 10mm. However, we should point out that the new
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RHEED pattern was not observed during the MOMBE ZnSe/GaAs(01)

growth of ZnSe. Although the reason is not clear 1101 azimuth

now, we are considering that the terraces become (a)

large during the growth, the major reflection dif- GROA29A/S

fraction occurs from the (001) surfaces rather than 7
the ( 1In } facets, and thus the curved lines appear

iGR--0.414/s
very faint with the proceeding of the epitaxial
growth. .1

3.3. Influences of terraces on growth rate GR=O.3724/s
(d)

In order to know how the terraces affect the GR=0a s

growth rate of ZnSe epilayers. we investigated the D

relationship between the RHEED patterns prior a. (e)

to the growth and the frequencies of RHEED GR=0.34OA/a

oscillations. After the growth of a 0.12 /Im thick i0"

pseudomorphic ZnSe epilayer and an interruption TIME
of 2 min. we observed the specular beam intensity Fig. 3. RHEED intensity oscillations of ZnSe observed after an

oscillations. The results are given in fig. 3, and the interruption of 2 min on a 0.12 um thick pseudomorphic

corresponding RHEED patterns prior to the buffer layer: (a). (b), (c) and (d) are the results when we used

growth are shown in fig. 4. Here, (a), (b), (c) and the (NH 4 )2 S,-pretreated GaAs substrates which were annealed

(d) denote the experiments with (NH 4 ),S,-treated at 420. 520. 600 and 650° C. respectively, prior to the growth:
(e) is the result when we used the conventionally pretreated

GaAs substrates after annealing at 420. 520. 600 GaAs substrate.

and 650' C. respectively, and (e) is that with con-
ventionally pretreated GaAs substrate.

In the RHEED patterns (fig. 4). curved lines same as that in (e) which is grown on the GaAs
are clearly seen in (a) and (b), become faint in (c), substrate pretreated by the conventional manner.
and completely disappear in (d). As can be seen Therefore, there is a clear correlation between the
from fig. 3. the growth rate is highest and nearly surface microstructures of GaAs substrate and the
equal in (a) and (b) and decreases with the in- growth rate.
crease of the pretreatment temperature of GaAs According to refs. [6] and [7]. the sulfur cover-
substrate. The growth rate in (d) is almost the age at the surface after annealing at 420 0 C is

equal or less than unity. and the sulfur atoms are
desorbed at temperatures above 520'C. There-
fore. if the adsorbed sulfur atoms cause the growth
rate enhancement, variation in growth rate should

(a have occurred in (b) as compared to (a). However.
as we have seen in fig. 3. there is almost no
difference in growth rate between (a) and (b).

(110) Fig. 5 shows the dependence of the growth rqte
from, (11,) & 61n,) surfaces

oT3 1 0 n srae on the time interval of dipping of GaAs substrate

8 k h.,,i lt-ode, into the (NH 4 ),S , solution. The time intervals for

(b) rod (a), (b). (c) and (d) are lO s, 1 min. 2 min and 10
111's III min, respectively. It was clearly observed that the

0T-rol 00-rod 01-rod growth rate increases with the time interval as farOT-rd 0-ro 01rodas it is less than 2 rain. This fact means that a
Fig. 2. (a) Model of the surface structure of the GaAs substrate
pretreated by the (N"40)2S , solution and (b) schematic RHEED certain time interval (about 2 min) is necessary for

pattern from the surface structure shown in (a). completing the formation of terraces, although the
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Fig. 4. RHEED patterns of GaAs substrates prior to the growth: (a)-(e) in this figure correspond to those in fig, 3.

MOMBE ZnSe/GaAs(001) coverage of sulfur on GaAs (001) surface in the
[1101 azimuth (NH 4 ),S solution saturates within 2 s [8].

(a)
GR=0388 A/s

(4. Conclusion

9 A/sWe have shown that the RHEED pattern of a

- I, (NH 4 )2S.-treated GaAs (001) surface is composed
(c) from the (2 >, 1) pattern of the (001) surface and

=0 4294/s that of the {lln} (n is estimated to be 5) surfaces
of the terraces formed at the GaAs surface, rather

-D (d) than the simple (2 x 1) pattern. Our results pro-
GR=0 4294/s vide direct evidence that the growth rate of ZnSe

is greatly influenced by the surface structures of
GaAs surface and point out the importance of

l0s surface pretreatment in heteroepitaxy.

TIME
Fig. 5. RHEED intensity oscillations of ZnSe observed after an Acknowledgments
interruption of two min on a 0.12 Am thick pseudomorphic
buffer layer. The intervals for dipping the GaAs substrates in
the (NH 4 )0, solution are: (a) 10 s (b) I min, (c) 2 min and (d) The authors would like to express their grati-

10 min. tude to Sumitomo Chemical Industry Co., Ltd.,
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Molecular beam epitaxy of Zn(Se,Te) alloys and superlattices

F.S. Turco-Sandroff, R.E. Nahory, M.J.S.P. Brasil *, R.J. Martin, R. Beserman **, L.A. Farrow.
J.M. Worlock and A.L. Weaver

Bellcore. 331 Newman Springs Road, Red Bank. New Jersey 07701. USA

ZnSe ,Te, ternary alloys have been grown over the entire range of composition bv molecular beam epitaxy on GaAs or InP
substrate.. A good control o. the composition is obtained by growing the ternary in Zn-rich conditions. The ha "ap energy versus
the composition shows a very large bowing with a minimum at room temperature of 2,05 eV and a Te concentration of 0.65.
ZnSe, ZnTe superlattices have been grown and show a strong absorption at 1.8 eV supporting the hypothesis of a type II superlattie.

I. Introduction ficult to achieve, and rather broad X-ray diffrac-
tion peaks having been found 16]. Reproducible

Wide band gap II-VI semiconductors are at- composition has been underlined as an important
tractive materials for visible light emitters in the issue, the range -0.2 being especially hard to
blue/green spectrum. Binaries. such as ZnSe. have control [7]. In fact. the solid solution presents
been extensively studied for both p- and n-type some immiscibility with a critical temperature of
doping. ZnSe can be efficiently n-type doped. [1] about 430'C [8]. Strained ZnSe/ZnTe [9] and
but efficient p doping remains an unsolved issue. ZnSe/ZnSeTe [10] superlattices have already been
In fact all the wide band gap II--VI semiconduc- demonstrated by MBE.
tors are n-type or semi-insulating residual and can We report the growth by molecular beam epi-
be doped n-type. except ZnTe which presents a taxy of ZnSe, Te, alloys and ZnSe/ZnTe super-
p-type residual. It is therefore interesting to study lattices on both GaAs and InP substrates. The
ZnTe and ZnSe mixed in the ternary alloy ternary alloy has been grown for compositions _v
ZnSe, - Te, and ZnSe lZnTe superlattices. More- varying from 0 to 1. Single crystal ZnSe, Te, has
over. the bandgap of ZnSeTe materials has been been achieved as seen by RHEED and X-ray data.
found to pass through a minimum at 0.1 eV below The influence of the initial substrate and the
that of ZnTe [2.3]. All these results were measured growth conditions as a function of substrate tem-
(in materials grown long ago by growth techniques perature and flux ratio are investigated. Choosing
using extremely high temperatures and resulting in the right (Se.Te)-to-Zn flux gives us high repro-
polycrystalline material [4]. Nevertheless, these ducibility over the entire range of composition.
materials have been reported both n- and p-type Using spectral photoconductivity (PC) measure-
for Te content of 0.4 to 0.6 [5]. ments, we determine the room temperature band

In order to try to achieve better quality materi- gap energy versus Te concentration in the
als. molecular beam epitaxy has been recently ZnSe - ,Te, ternary. A very strong bowing of E,,
used for growing ZnSeTe [6]. However, mono- versus x is observed presenting a minimum of
crystalline ZnSeTe layers of good quality are dif- 2.05 eV at room temperature for a composition of

about v = 0.65. We also present results on

Unicamp. 13081 Campinas. SP. Brazil. ZnSe/ZnTe superlattices constituted of equal
On leave from the Technion Institute of Technology. tHaifa, thicknesses d of ZnSe and ZnTe layers ranging
Israel. from 15 to 90 A. PC spectra at room temperature

0022-0249/91 /S03.50 ' 1991 - Elsevier Science Publishers B.V. (North-Holland)
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show strong absorption around 1.8 eV supporting surface reconstruction during the growth of the
a type 11 ZnSe/ZnTe superlattice. Raman scatter- ternary. For growth temperatures of 270 to 3500 C,
ing data and low temperature photoluminescence a VI/Il flux ratio of 5 is enough to ensure a
(PL) spectra show that strained ZnSe/ZnTe su- (2 X 1) surface reconstruction, while for higher
perlattices have been &rown on lnP and on GaAs temperatures of 350 to 400'C the ratio VI/Il is
substrates for d < 45 A. For d > 45 A. the critical increased to 10. Various Se/Te ratios have been
thicknesses of both materials are exceeded and no used depending on the desired composition of the
PL emission is observed, suggesting the formation ternary. When the growth is started on a GaAs
of a large number of structural defects. substrate presenting the superposition of (3 x 1)

and (4 x 6) surface reconstructions, the RHEED
pattern shows a three-dimensional transition of

2. MBE growth and characterization of ZnSeTe 0-30 A possibly due to the lattice relaxation.
ternan alloys Then. abruptly. the RHEED pattern presents a

nice and streaky (2 X 1) surface reconstruction.
The binaries ZnSe and ZnTc present lattice When the growth is started on an lnP substrate,

constants respectively equal to 5.6684 and 6.104 presenting a (2 x 4) surface reconstruction, the
A. The ZnSe, Te, ternary obeys the Vegard law RHEED becomes three-dimensional over the [1101
[2]. and has lattice constants which present a lattice direction while the perpendicular axis only shows
mismatch with GaAs substrates ranging 0.27yi to the bulk diffraction lines, giving a (oc X 1)
7.97': for x varying from 0 to I with critical RHEED pattern. This disorder observed on the
thicknesses ranging from 1500 to = 20 A. Over first axis finally disappears giving way to the usual
InP substrates. ZnSe , "Te, presents a lattice mis- (2 x 1) reconstruction. The higher the substrate
match of - 3.4,i to 4.01 i for x varying from 0 to temperature is when the growth is started, the
1. longer the transition time from ( x x I) to (2 x I).

This may be due to the outdiffusion of In from the
2.1. MBE groih of ZnSeTte on Ga-is and InP InP substrate maintained at high temperature un-
suthsirate.s der UHV. This interpretation is supported by

observation of a broadened lnP absorption edge
The ZnSele layers are grown in a conventional in PC spectra. Independently of the final growth

2300 Riber MBE system equipped with elemental temperature, we always start the growth at 2700C
sources of Zn. Se and Te. (001 ) GaAs and InP in order to limit the transition region and after the
substrates are chemically etched in the standard RHEED pattern recovers the temperature can be
11,S() H,(, : 11.0 solution of 4: 1 : 1 and 2: 1 : 1 increased to the final growth temperature.
respective concentrations. After being thermallv A second set of samples has been grown on
outgased at 3(X) and 2000(. respectively. GaAs GaAs and lnP substrates in Zn-rich conditions
and InP substrates are transferred into the II VI where the flux ratio VIiII = (Se + Te)/Zn is equal
MBF chamber for thermal deoxidation. with no to 0.3- 1. A c(2 x 2) surface reconstruction ap-
impinging fluxes, monitored by reflection high pears very soon after the growth is started. How-
energy electron diffraction (RH EED). After ther- ever, if the temperature is lower than or equal to
mal desorption of the oxide at = 580'C. GaAs 300°C, ZnSeTe becomes amorphous as shown by
presents a superposition of the (3 x 1) and (4 x 6) the circles observed on the RHEED pattern. This
surface reconstructions. For InP substrates, the is probably due to a lower migration of the differ-
thermal deoxidation occurs at = 4(X) 4200' C pro- ent species at the surface of the growing crystal
viding a (2 x 4) surface reconstruction. under Zn-rich conditions compared to the growth

Growth temperatures from 270 to 400'C have achieved under an overpressure of (Se.Te). The
been used for growing ZnSeTe on both GaAs and temperature has therefore to be higher than 300 0("

inP substrates. VI-rich conditions ensured by Se to grow monocrystalline material. After about 1.5
and Te excess have first been used giving a (2 X 1) Jm, the c(2 x 2) RHEED pattern slowly degrades

L W. ____
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from streaky to spotty but always keeping the 0._ _

surface reconstruction. This may be due to a
rougher growth front of the layer which does not
however prevent the growth of a final good (100) 0.4 ------ - ---------..

crystal. .•
S 0.2 - -......... ---- ................................. ... .......... ..

2.2. X-ray' measurements X
0

The bulk composition X, is measured by X-ray 0.2  -
diffraction. Fig. la shows the predicted concentra-
tion calculated from the Se/Te flux ratio X, - _ _-
q)r,/(q)-j + qs,) versus X.. It can be seen that the 260 280 300 320 340 360 380 400 420

Xb of the ternary grown on either GaAs or InP is Growth Temperature (C)

not proportional to X. In fact, these samples have Fig. 2. Difference of the predicted Te concentration calculated

been grown in element VI overpressure, which from the Se/Te flux ratio Xf and the bulk concentration X,
versus the growth temperature.

means that Se and Te are in competition for their

incorporation. This competition leads to ternaries
leaner than expected in Te. The growth conditions
have therefore to be modified to control the ternary carried out in Zn-rich conditions, both Se and Te
composition in a reproducible way. A second set are incorporated with no competition. as long as
of samples has been grown under Zn-rich over- the sticking coefficient of Se and Te is near 1.
pressure, the conditions being described in the We report in fig. 2 the difference between X,
previous section. The values of the composition and X, as a function of the growth temperature.
are reported in fig. lb and X, is in very close As we can observe ,f - , increases with the
agreement with Xf. In fact when the growth is growth temperature when the sample is grown

under (SeTe)-rich composition. An increase of the
overpressure from 4-6 to 10- 12 is not sufficient
to limit this difference. The samples grown are

,- . __ . . leaner in Te for higher temperature which is con-

O0.a . . a sistent with the thermodynamic values of heat of
" 0.6. vaporization of ZnTe (152 kcal/mol) compared to00.60- .

. "ZnSe (175 kcal/mol) [11. On the other hand.
0.4- * (2x1) when the samples are grown under Zn-rich condi-

0.z tions. the difference ( X1 - X.) averages zero, espe-" •* ZnST/nP

4._Z______,_ _ cially when the (Se + Te)/Zn ratio is equal to
0.3- 0.4 Under Zn-rich conditions the (SeTe) de-

b sorption is therefore negligible. This observation is
0.6- consistent with the lower mobility observed at the

..0 surface of ZnSeTe under Zn-rich conditions than
4-1 0.4 .... c(2x2) under (Se.Te)-rich conditions.

0 ZnS.T*/lanP The X-ray full width at half maximum (FWHM)

0 - -. -.. . . . .... j does not seem to vary directly with the growth
0.4 0.6 0.8 1

Xb (X-rays) temperature or the fluxes. The measurements have
been done with a single crystal X-ray apparatus

Fig. I. Predicted Je concentration calculated from the Se/Ie where the GaAs or lnP substrates present a
flux ratio N versus hulk composition X , determined by X-ra'v EW M of 2(0 250 arc sec. The FWHMs of the
diffraction for ZnSe, le, samples grown on (aAs and InP
substrates under element-VI-rich conditions (a) and under ZnSeTe layers are typically of 500 600 arc sec, the

element-1t-rich conditions th). best being about 300 arc sec for low Te content
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-,.. -Relity 5K cm obtained for pure ZnSe and ZnTe. This
, a Photocond. 300K shows that for concentrations close to 50%. the

2.7 , crystalline quality of the alloy may be perturbed,

2.6- probably related to the very big difference be-

25- tween the bond length of the two binaries and the
24- .. strains involved in the ternary. Further investiga-

2,4-
- .48- tion of these results will be detailed elsewhere.

2,1- ° " .. 3. MBE growth and characterization of ZnSe/

2- . . . . ... .. . ..- ZnTe superlattices0 0.2 0.4 0.6 0.8 1

Composition X 3.1. MBE growth of ZnSe/ ZnTe on GaAs and InP

Fig. 3. Bandgap energy variation versus the Te concentration substrate
at room and low (5 K) temperature.

ZnSe/ZnTe superlattices have been grown un-

(0-2%) or perfectly lattice matched ternary on lnP der VI-rich conditions, at growth temperatures of
substrates. 270 to 300'C on InP and GaAs substrates. The

flux ratios used are 4-5 for ZnTe and 5-6 for
2,3. Electrical and optical measurements ZnSe. Thc growth rate was monitored with the Zn

flux remaining constant throughout the super-
The variation of the bandgap with the con- lattice growth. The superlattices grown are con-

centration of these ZnSeTe layers has been mea- stituted of equal thicknesses d of ZnSe and ZnTe.
sured at room temperature by PC measurements ranging nominally from 15 to 90 A. The growth
and at low temperature (5 K) by reflectivity mea- has been started at 2700 C. On GaAs substrates a
surements. Fig. 3 presents the variation of the very short transition 0-15 A is observed between
bandgap versus the Te concentration at room and the initial (3 x 1) + (4 x 6) GaAs surface recon-
low temperature. A very strong bowing is ob- struction and the (2 X 1) surface reconstruction
served, presenting a minimum at about 2.05 eV at observed during the growth of the superlattice.
room temperature at x(Te) = 0.65. The ternary When 15/15 or 30/30 A layers are grown the
ZnSeTe presents therefore a wide bandgap varia- RHEED shows a good (2 x 1) surface reconstruc-
tion from 2.73 eV for ZnSe (blue) to 2,05 eV for tion. For 45/45 A and up to 90/90 A the RHEED
ZnSe, ,Te(,, (yellow). Low temperature (5 K) is still streaky but the bulk lines are somewhat
photoluminescence measurements have been per- broadened indicating the beginning of some dis-
formed using an Ar laser operating at 488 nm on order. This can be due to the partial relaxation of
ZnSe ,Te, for x > 0.15. Spectra are dominated the lavers over the substrate.
by a transition involving an impurity, the depth of
which varies with composition. The linewidth of 3.2. Electrical and optical measurements
this transition decreases regularly from 150 to 12
meV for a Te concentration increasing from - 0.2 For d 45 A PC and Raman scattering have
to 0.8. Details of this effect will be reported been performed. A strong absorption around 1.8
elsewhere. eV is observed by PC. well below the binaries

Raman scattering has been performed on these bandgap energies supporting the hypothesis that
ZnSeTe layers. The line width of the Raman line, ZnSe/ZnTe is a type I! superlattice. The same
providing an indication of the crystalline quality 45/45 nominal ZnSe/ZnTe superlattice grown on
of the alloy, presents a maximum of 15 cm I for GaAs and lnP substrates has been studied bv
Te concentration of 40%. For lower or higher Raman scattering. The similarity between the pho-
concentrations, it decreases monotonically to 6 non frequencies suggests that the superlattice is in
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a free standard configuration. [12] Both Raman References
scattering and photoluminescence show that for
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Quantum wells with zinchiende MnTe barriers

J. Han. S.M. Durbin. R.L. Gunshor. M. Kobayashi, D.R. Menke
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In this paper %%e dese ri be a series oif MinTe (Cdie %I nTe anld %I ile Irish, Mn Fe single quantum inel I tructUrC,. For the (dile
quariturn %%ells %%ce report the observation of luminescence cox en ng the en tire %isible range from red to blue. a quan ti/ed state in the
Irish %%Cll ks used to implement resonant tunneling. X-raN diffraction and transmnission electron microscop% i lNI %kcre used to
Cs aluaite the microstructural qualits of the structureN. Dark-field TENI shos~ed that, in spite of the 2.3i lattice ismnatch, the Nini
I as cr remained pseudomorphic and disdocation-free. High resolution imiages i also used to determine di mensionalI details' indicated
that the interf-ts %%ere atomnicall\ abrupt. and that the (die and Irisb wells \xere essentiall' uttstrained in each of the structures:
Thost of the strain \ha, contained in the Ninle harrier lavers. Optical properties of the singlc quantum %\ell 1tuc1tre base been
studied 1sing phoitoluminescence and photoluminescence excitation spectroscop\. Blue l Umines11cence at 2.59 c\ i o I transitionl has
heen obsers ed front a structure with a 10 -A (die ss elI. The negati'. differential resistance obsers ed front NIn Ic I nSb resoniant
tim teli ng si mlci ures represents, to our knog. edge. the first report of a dititenstonalk Iqlanti/ed state in) Irish,

1. Introduction as the barrier laser to quantum well structure,, in
the lattice constant range of lnSb and CdTe. Epi-

Thi.N paper describes the grow th aind e% alUatioti lavers of zinchlende N-luTe are grown up to a
of quantum structure,, tncorporating the metasta- thickness of 0.5 Am. while a series of strained
hic rinchiende phase of %Mn~e. The WBE growth single quantum wells arc fabricated with Mn-Te
technique enables sitngle crvstal growth of the forming wvidegap harrier layers for quantum wells
ttncblende phase [1.21, wkhereas bulk-grow?.n of CdTe. ZnTe. and Irisb. The microstructure of*
mrstals oft \ln~e exhibit the hexagonal NiAs the MnTe epilayers and quantum well structures is
crxstal structure [31. The difference in bandgap characterized using transmission electron ni-
energy between the two crystal structures is croscopy (TEM) aind X-ray diffraction: optical
dramatic: the NiAs phase has, an optical bandgap properties are determined using a combination of
of 1.3 eV \%hile the bandgap of the zincblende reflectance. photoluminescence (PL). Ramian. aind
phase is 3.18 eV at 10 K [1.41 which is in the near resonant Raman spectroscopies.
ullrav iolet portion of the spectrum. The motiva-
tion for the research reported here is the develop-
mient of a suitable widegap semiconductor to serve 2. CdTe/MnTe single quantumn well structures

*Permatnent address: iiik'.i Institutec of Technoliigs. lov The structures having CdTe quantum wells were
15 2. Japan,. grown on Irish substrates with a buffer laver of

(Kt,2-1249A ,1 St03.50 -qq f9 lsevier Science Publishers BAy. lNorth-Hollandl
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lnSb. Preparation of the CdTe and inSh sub- to the larger value of the crystal structure factor of
strates used in this work has been described previ- 200 type reflections of MnTe. No misfit disloca-
ously [5.6]. The lnSb buffer layer was grown in a tions are observed in bright field or dark field
IlI V growth chamber of the modular MBE sys- images of these single quantum well structures,
tem. and transferred under ultrahigh vacuum to a indicating the pseudomorphic nature of MnTe/
second chamber for the growth of the MnTe and CdTe interfaces.
CdTe epilavers. The lnSb buffer layer was grown In the several MnTe/('dTe/MnTe single
on the lnSb substrate to provide an optimal surface quantum well structures, spanning CdTe well
prior to nucleation of the CdTe buffer layer at thicknesses from approximately 10 to 56 A. strong
200'C. During the growth of the CdTe buffer photoluminescence originating from the well is
layer, the substrate temperature was raised to detected in all samples. even for excitation at
300'C for the subsequent growth of the energies below the MnTe barrier layer absorption
MnTe, CdTe quantum well structure. The CdTe edge. (The MnTe barrier laver thicknesses are kept
la\ers .%ere grown at a rate of 1.2 A/s using a constant at approximately 35 A.) Separate optical
compound source. while the MnTe was grown at a reflectance measurements on relatively thick MnTe
rate of 1.1 A.'s from elemental sources at a unity films yield an approximate value of 3.2 eV for the
cation. anion flux ratio. Flux measurements were s-p bandgap at T = 10 K. Thus the (unstrained)
performed using a quartz crystal monitor posi- bandgap difference in the heterostructure is about
tioned near the substrate position. 1.6 eV which suggests the possibility of strong

During the sequential growth of barrier and confinement-induced effects. Direct evidence of
%%ell lavers for the MnTe/CdTe structures, the carrier confinement is indeed apparent in the sys-
RHEED patterns appeared to be virtually un- tematic shift to higher photon energies of the PL
changed as the layers were alternated, with each emission with decreasing CdTe quantum well
exhibiting a (2 x 1) reconstruction suggesting an thickness. Fig. 1 compares the experimentall\ de-
anion stabilized s )urface [7. TEM measurements termined energy shift of excitonic features with
were used to determine the MnTe barrier laver the predictions based on the calculated transmis-
thick ness. sion coefficients [Xj through the double barrier
T1M obserations of the single quantum well structure forming the quantum well. The calcula-

sructures were made using [010] and lollI cross- tion emplo.s a heav\ hole valence band offset of
sectional samples. For the preparation of cross-
sectional samples. iodine ions were used at the
final stage of ion thinning in order to reduce 1.2
damage in the CdTe crystals. Although the sam- 1.0 T=1OK
ples wsere kept at low% temperature with liquid >
nitrogen. the MnTe layers in these structures were " ' 0.8 .\Ev = 340 meV
found to rapidl\ intermix with the ,.dTe layers _h
during ion thinning. Single quantum well strue- Cf 0.6
turcs were observed onl\ from the samples for 0.4
which a c'ose contact %xith the cold stage of the

Cion milling machine was carefully maintained. W 0.2
Lattice fringe patterns in IlREM images di-

rectI, show that the MnTe !aers in the single 0.0 45 5 65 15 25 35 45 55 65
quantum well structures have a cubic zincblende (A)
structure (also confirmed in electron diffraction of Well Width
cross-sectional samples). and have been grown Fig. 1. The photoluminescence energ' hift relatime to the

excitonic hand edge of (di'le based an the average energ, ofepitaxially on the (dTe layers. In the 1tRPM teectncesinoiiaigta h unu el h
the excilonic emnjsion onrginating front the quantumi \ken. (1-hC

image, more distinct 20() and 0)2 lattice fringes error bars represent the expected uncertaint\ in rvEMi thicknes,
are seen in areas of MnTe than those of CdTe due meaurement)
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340 meV which is determined from photolumines- ton.- LO phonon interaction in this quantum well
cence and photoluminescence excitation spec- system 191.
troscopy (PLE) measurements [9]. The PLE pro-
vides a measure of the valence band splitting due
to the combination of strain (in the barriers) and
quantum confinement in the well. (The configura- 3. lnSb/MnTe resonant tunneling structures

tion of the structure ensures that the well is essen-
tially strain free.) For the narrowest well sample In addition to incorporation in the CdTe
(10 A). an energy shift (due to confinement) of quantum well structures. zincblende MnTe has
approximately I eV is realized, corresponding to also been applied to lnSb-based quantum well
photon emission in the blue. The PL emission is structures which, due to the lack of appropriate
usually composed of two or more emission lines barrier materials, have eluded realization. Study of
which are 40-60 meV apart, These lines, each the InSb/MnTe heterovalent tunneling structures
approximately 20 meV in width, are associated was motivated by the potential application of res-
with transitions between n = I confined valence onant tunneling at high frequencies (lnSb has the
band states and the n = 1 conduction band state. highest electron mobility of the conventional semi-
Since the spectral peaks show the same sign of conductors), with improved device performance at
circular polarization in an external magnetic field, room temperature. Computer simulations of
it is likely that they are associated with the same InSb/MnTe double barrier resonant tunneling has
hole state. We presently attribute the peaks to been performed using a two-band model of elec-
monolayer scale fluctuations in the quantum well tron dispersion in the band gap with the inclusion
width. Important ingredients acting to shape the of the nonparabolicity of the InSb band structure
photoluminescence features are the operative band [10-12]. A sample calculation predicted peak-to-
offsets, including the role of the large lattice con- valley ratio of the order of several thousand, and
stant mismatch (2 .3 %). the degree and nature of peak current densities of 5 x 10' A/cm from a
exciton binding, the exchange of electron-hole particular InSb!MnTe resonant tunneling struc-
states with the Mn ion d-electron moments, and ture with barrier and well dimensions of 20 and 50
possible deviations from an ideal square well due A. respectively. The current- voltage (/- I) char-
to interfacial steps. We mention in passing that acteristics were expected to remain approximately
the temperature dependence of the PL linewidth the same between 77 K and room temperature:
has given us a quantitative measure of the exci- the conduction band barriers formed by zinch-

Fig. 2. 200 dark field electron microscope image of the tnSb/MnTe resonant tunneling structure. Marker represents 200 A.

L.
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lende MnTe (with an estimated band offset of 1.86
eV [9,13]) block most of the thermionic current.

The film growth was started in a III-V growth
chamber where an lnSb buffer layer was grown on
a (100) lnSb substrate at a temperature of 4200 C.
The sample was subsequently transferred under
ultrahigh vacuum to another growth chamber (used
for the CdTe quantum well structures described
above) in which the lnSb/MnTe resonant tunnel-
ing structures were grown using elemental sources 6

at a substrate temperature of 300'C. An antimony .

cracker was employed to aid in the low tempera- U

ture growth of the InSb quantum well and cap
lavers. Resonant tunneling structures consisting of Voltage (0.15 V/div)

MnTe,' InSb/MnTe layers were grown by alterna- Fig. 3. 1- Vcharacteris -f the InSh/MnFe restnant tunnel-

tively opening and closing the shutters without ing structure. The measurement is carried out at 77 K.

interruption of the growth. Fig. 2 shows a 200
dark field image of a lnSb/MnTe resonant tun-
neling structure. The barrier and well thicknesses the resonant tunneling represents the first report
were measured to be 35 and 70 A, respectively, of a quantized state in lnSb.
which agreed with the dimension estimated from
the growth rate. The image reveals the high micro-
structural quality of the resonant tunneling struc- 4. Summary
ture with abrupt and smooth interfaces. Disloca-
tions were not observed in any imaged area of the In summary, the MBE growth technique has
sample. presented an opportunity for the growth and study

Diodes are fabricated by evaporating Ti/Au on of novel structures incorporating the previously
the InSb cap layer, followed by the etching of hypothetical magnetic semiconductor. zincblende
mesa structures. The I- I' characteristics are mea- MnTe. The MnTe layers were used in the forma-
sured at various temperatures. PreliminarN I- V tion of single quantum well structures which ex-
results employing pulse measurement (to avoid hibited strong electron and hole confinement. Blue
sample heating) are shown in fig. 3. A peak-to-val- luminescence at 2.59 eV (n = I transition) has
lex ratio of 1.7:1 is observed at 77 K with a peak been observed from a 10 A CdTe well which is the
current density of 980 A/cm. Asymmetry about largest confinement induced shift in quantum well
the origin in the I- V characteristics is observed structures reported so far. A dimensionally quan-
with the resonant peak appearing at a higher tized state in lnSb was observed from the
voltage for the reverse bias condition compared to InSb/MnTe resonant tunneling structure.
the forward bias condition. For these initial sam-
ples testeJ, the negative differential resistance be-
comes less pronounced with increasing tempera- Acknowledgments
ture. and disappears at about 140 K. The origin of
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Substitutional doping of ZnSe films

J. Ren. K.A. Bowers, S. Hwang, J.W. Cook. Jr. and J.F. Schetzina
Department of Phvsis. North Carolina State ( ninersitv, Raleigh, North Carolina 27(95-8202. USA

Molecular beam epitaxy has been successfully employed to grow n-type ZnSe: CI epilavers on (100) GaAs substrates at 275 O(.
The ZnSt: C epilavers are highly conducting and exhibit bright blue-violet edge luminescence at room temperature. A Hall mobilit'
of 2480 cmr,V-s at 40 K was measured for an n-type ZnSe:Cl film doped to a level of -3 l07 cm 1 and for which a
compensation ratio -,,'N 4% was calculated. Carrier concentrations as large as 7 It) cm were obtained by increasing the
temperature of the MBE oven containing the Cl dopant. p-Type ZnSe films were prepared using L.i as a substitutional dopant. The
ZnSe: Li films exhibit photoluminescence spectra at 4 K dominated by an acceptor-bound exciton peak at 2.791 eV. providing clear
esidence of p-tvpe doping.

I. Introduction 2. Experimental details

ZnSe is a wide band gap I! VI semiconductor The ZnSe:Cl samples were grown in an MBE
that is currently under investigation in a number system designed and built at North Carolina State
of laboratories throughout the world. Its room University (NCSU) [6]. The growth chamber has a
temperature band gap of - 2.7 eV makes it an base pressure of 6 x 10 ' Torr and is equipped
attractive candidate for the fabrication blue light with seven MBE sources. The MBE sources fea-
emitting devices [1.2]. Although p-type doping is ture special two-temperature-zone furnaces. desig-
currently the major obstacle in making such de- ned and constructed at NCSU specifically for the
vices, efficient activation of n-type dopants is of growth of II-VI materials, which are capable of
equal importance. particularly if blue light emit- producing highly stable beam fluxes (7]. To
ting semiconductor lasers are to be developed, calibrate the molecular beam flux density from
n-Type doping is also required for other related each of the primary MBE ovens, films were de-
devices such as optical modulators, transistor posited at room temperature and their thicknesses
amplifiers, and diode detectors which together were measured. The beam flux was calculated
might form the basis of a new blue-green optoe- assuming unity sticking coefficient and correlated
lectronics technology. Recent investigations by with the beam equivalent pressure (BEP) mea-
MBE [31 and MOVPE [4] have shown that very sured with a nude ion gauge at the exact location
high n-type doping levels can be achieved in ZnSe of the substrate [6]. Both the Zn and Se source
films using group VII elements as dopants. How- beams were calibrated in this way so that an
ever. the samples reported to date generally ex- accurate beam flux ratio (BFR) could be obtained.
hibit low Hall mobilities compared to n-type High purity (6N grade) Zn and Se were used as
ZnSe: Ga doped films [2]. In this paper we report primary source materials, and ultra dry ZnCI 2
the successful MBE growth of high quality n-type (5N grade) and Li metal (3N grade) were used as
ZnSe: Cl films at low temperatures. The films n-type and p-type dopant sources, respectively.
exhibit excellent electrical and optical properties. As (using a ZnAs2 source) and 0 (using a
p-Type ZnSe layers were also obtained by using ZnO source) were also investigated as potential
LI as a substitutional dopant [51. p-type dopants. However, our results for these
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added impurities are discouraging to date we poor surface morphologies and broad X-ray rock-
have obtained no evidence for p-type doping of ing curves. In contrast, films grown at 225-275'C
ZnSe using either As or 0 for the film growth under Zn-rich conditions exhibit mirror-like sur-
conditions that we have employed, faces. Double-crystal X-ray rocking curves for

Semi-insulating (100) GaAs wafers were used films 2 -3 pzm thick typically exhibit full-widths-
as substrates. Prior to MBE film growth, the GaAs at-half-maxima (FWHMs) of - 150 arc sec.
substrate was first degreased in standard solvents
and then etched in an HSO4 : H,0.: H20 (8: 1 : 1) 3.1. n- Tipe ZnSe: C/ fins
solution at 00C for 3 min. The substrate was
preheated to 5800C for 10 min in the MBE sys- ZnSe: Cl films grown under Zn-rich conditions
tern to desorb the surface oxide. exhibit low resistivity. Room temperature carrier

The ZnSc: Cl epilavers were characterized bv concentrations ranging from 1.5 x 10" cm -3 to
means of Hall effect and photoluminescence (PL) 6.7 x 10' cm have been reproducibly obtained
studies. It was not possible for us to complete Hall by varying the ZnCI, oven temperature. Hall data
effect studies on the ZnSe: Li samples because of for a degenerately-doped sample C21 exhibits a
problems associated with non-ohmic contacts. The constant carrier concentration of - 6.7 x 10"
ZnSe: Li films were, however, investigated by cm independent of temperature. The electron
mean., of lok temperature photoluminescence (PL) mobility p.p = 170 cm /V -s is also independent of
studies. The PL was excited using the 360 nm UV temperature.
output from an Ar ion laser and was measured The carrier concentration of moderately-doped
using a SPEX 1403 double monochromator samples Isuch as ('35 in fig. 1) is. however. clearly
equipped with a GaAs photomultiplier tube and activated over the temperature range from 20 to
computer-controlled photon counting electronics. 300 K. In order to determine the compensation
Double-cr stal X-ray diffraction rocking curve ratio and donor ionization energy. we have calcu-
measurements w*ere completed to assess the struct- lated the carrier concentration by solving the
ural perfection of the doped epilavers. charge-neutralitY equation assuming non-degener-

ate statistics [101. The conduction band effective
mass was taken to be 0.17. The solid curve in fig. 1

3. Results and discussion shows the best fit which was obtained using a
donor ionization energ\ : , 16.5 meV. a donor

In order to achieve high qualit, electrical and density N 2.3 X 101- cm . and an acceptor
optical properties. *e found it necessar, to use density N.\ = 6.0 X I1"cm '. The low compensa-
relati,el\ low gro *th temperatures and to main-
tain the proper stoichiomnetrv of the -surface during
film growth. (rowth mechanisms of II VI materi- , in

als have been studied by several groups 18,91. In a
recent stud\. Zhu et al. [91 showed that the film
growAth rate is influenced b,, the Sc desorption
from the growing surface into the precursor states i

Ahen the Zn-to-Se beam flux ratio (BI:R)is greater ii ,
than I. When the BFR - I. the growth rate is
influenced bv both Zn and Sc desorption. Thus, it
appears that it may be easier to control the surface " .. :-

stoichiometry by using BFR > 1. This generally ,
requires lower growth temperatures 7 < 275 C) . 2 10-- 1 100) 2010 3011

We have grown ZnSe films at 225 2750 C with ,IINlPERVIT'RI. (K)
Zn-to-Se HER ranging from 0.5 to 2. Under Se-rich Fig. i ftail data and theoreltical c.urses for modecratels doped

conditions (BFR < 1). the films exhibit relatively /nSe C(I film.
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tion ratio ( < 41() provides clear evidence of the illustrated by the PL spectra shown in fig. 2. The
exceptional electrical quality of this ZnSe: CI sam- spectrum at the top of the figure is for an undoped
pie. ZnSe film (C43) and features a donor-bound exci-

Sample C35 exhibits a room temperature mo- ton peak D. X at 2.796 eV. along with a free
bility of 485 cm2/V • s and a maximum mobility exciton peak at a higher energy (2.801 eV). Next is
of 2480 cm 2/V • s at 40°C. as shown in fig. 1. To shown a representative PL spectrum for an arsenic
our knowledge, this is the highest mobility ever doped ZnSe film (C39). Note that the PL spec-
obtained for n-type ZnSe doped to this concentra- trum again features a donor-bound exciton peak
tion by any technique. To further analyze the W. X at 2.796 eV. but no evidence of p-type
data, we calculated the electron mobility by impurity incorporation. In the case of ZnSe:O
numerically solving the Boltzmann equation using ((48). the PL spectrum consists of two broad
the iteration method [11.121. Four scattering peaks at 2.787 and 2.734 eV. respectively. Using
mechanisms were taken into account, including the film growth parameters reported in this pap r.
polar mode phonon scattering, acoustic mode (de- we have not been able to reproduce the results of
formation potential coupling), acoustic mode (pi- Akimoto et al. 1151 who obtained PL spectra for
ezoelectric coupling), and ionized impurity scatter- p-type ZnSe: 0 consisting of an acceptor-bound
ing. The result of this mobility calculation is shown exciton peak AI. X at 2.791 --2.792 eV and a main
as the solid curve in fig. I. The impurity con- dono, acceptor pair (DAP) peak at 2.715-2.722
centration .V,,p for the mobilit', calculation was eV. depending on the doping level. In contrast, the
taken to be 2N, + n 1131. where N, is the accep- PL spectrum for a representatie ZnSe: Li film
tor concentration and z,, is the equilibrium elec- (63, shown at the bottom of fig. 2, displays an
tron concentration. Both n, and N, were oh- intense acceptor-bound exciton peak A". X at 2.791
tained from the carrier concentration anal',sis de- eV. providing clear evidence of p-type doping. In
scribed above. Note the good agreement between preparation for using the ZnSe Li layers to
the theoretical calculation and experimental data. fabricate light emitting diodes, several ZnSe:('I-
supporting the lo%, compensation ratio obtained ZnSe: Li double-layered structures were fabri-
from the carrier concentration anal,,sis. cated.

The 4.2 K PL. spectra of the ZnSe: ( I films is Fig. 3 shows near-band-edge 4.2 K PL spectra
dominated b, a donor-bound exciton I). X peak for both ZnSe: (I ((55A) and ZnSe: Li (C63B)
at 2.796 2.797 eV. depending on the doping level.
The fact that both the free exciton and deep level
emissions are absent, but the D. X line remains i 43 i) .

narro\% (FWIIt NI 6.2 meV). implies that the (I " .7

atoms have been successfullx incorporated into - . 'line ..-,

the ZnSe lattice at tetrahedral sites, in accord \kith - ,Se:\, 2.796 v\

the electrical results described above. At 300 K. .r- 13 
,

the PI. spectrum of the ZnSe (I films is , - 2.777
dominated b, a strong near-band-edge emission " ". .. - _fi.
peak centeed at 2.693 eV. This peak energy is 48, 2

consistent with that reported bv Ohkawa et al. for 7

(I-doped ZnSe. who attributed the peak to donor-
to-valence-hand recombination 131. /n V i 2.791 e\

3..2. p- Type InSe Lit films ' nI i 4.2 K

The use of Li as a p-type dopant produced 2.5 2.6 2.7 2.8

immediate positive results, in marked contrast to ENER;Y leVI

the use of As and 0 as p-type dopants. This is [g. 2. P. pectra for seiected Znc films.
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In,: species. In contrast, Li was found to be a viable
I o~l and reproducible p-type dopa ;t for ZnSe. How-

ever, ohmic contacts to p-type ZnSe remain a key
issue that needs to be addressed before detailed

- K jelectrical characterization experiments can he
li.Inj completed.
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n-Type and p-type conductivity control of ZnSe grown by metalorganic
molecular beamn epitaxy using methyliodide and ammonia

tasaito( Misuta. Akira Taike and HaJimle Yamamoto
citraI Rceur, h L.- ,ratlrt llocu h. Lid,.0. Bo x Ri, KoA uhunli, TtlA i ,, I 5. Japan

I- leetrical properties of ZnSe heat jlx doped with iodine or nitrogen have een injvest Iated. -1 fie fiTlii c rsias of /nrSC n crc gro an
ts\ metalorganic beamn epitasi% with miethsiiodide, or amnmona as a dopant source. Iodine doping prosvides highl\ eonductis fl-ispc

/n Se t ith resistiv v a, lo"t a, 0.02 12 cm and a carrier concentration of 2.2 ((10" cmi at roomll temperatlure. For /nSc N. ohm iis
electro de. hav e been fo rmed wjih gold b\ anealing at 36))0'C for 5 mi n in N . atmosphere. I hie activatlion en :re ot p-i \pc

otiductis itSI... is 90 )- l e\ %khen the grost th temperature ( T9 is 150( C. Midue F\ is 5)) IN) nieiv "hen 71 44) ' ( T lie

acc:eptor :oncentration .\, decreases fron 1 9. 10"' 31 - to to I , jtil' 7 j 1 1
ii ciii ats 1. 1, eles ated fron 35)) to 4011 0.

It a es Cr. the di ffL:rC h ie becen thle acceptor and residual do nor concentration i A% u is aboti 5 i ries larger for 400)'C thani

for i3i
0 

1) is.\\% ) , 1j)"7 11)"' c111 for 350'( and 2 1"4 .10"crm for 404)'( . this result indicates that electrica)
properties of the p-is pe / uc e N arc iproved ais 1, inicreases. Phoiiuluni necuctice properties of n-ZnSe I and p-i riSe . \ are alIso
reported.

1. Introduction nitrogen-doped ZnSe \%ere grov,%n on semii-itmulat-
Zinc selenide (ZniSe) Aitlh a direct band-ap of g GaAs sutbstrates 1 0 !2 cm). The gro.vth

chamber wNas evacuated to a pressure helov, I x
1- eX at RI is a promising material for fabrica- 10) V orr before gro\Nth. linmethvlzinc (DM)\
lion of' efficient hlue LEI~s and laser diod~es. Re- and hy~drogen selenide dl .Se) "ere us,,ed a tart-
centl\. there has been considerable progrs in iggss n ehloieadamnat
conducti\ it% control for n- and p-tv pe ZnSe wr sda oatsucs h lwrtso

throgh he se if lw tmpeatue grwthtec- DMZ. I-I Se. NIL and methvliodide iwere 20. 40.
niques, such as mietaloragantc .apor phase epitaxv 20 and 10 fanmol,,'mnin. respccti~el-\ Although the
( MOVPE) [I -71 and molecular beamn epitax\ [Ii11. DvZ olrrtoi ,te r,\f aei

(MBF 18101 Holc~r, t isstil cnti-ersal imited b% the 11S .S uppl\. In this sense. thlehowj to control conductivitv, well enough for de- got cusudraZ-ihcniin h
vice application for both n- and p-type ZnSe. s'as-cell temperature was, maintained at 35()0 (j for

We have alreadv reported that tuetalorganic nitrogen-doping and at I 0))0 for iodine-doping.
molecular beami epitaxv (MOM BE) is a good tech- The pressure during, the growth was about 2 x
ntquC for preparing highl-N conductive and electri- 10 4Torr. The tvpical thickness of these lavers isN
calk\ stable p-ts~pe ZnSe b\ doping of nitrogen about 1 mLr.
[11 I131. In this paper, \ke repoirt electrical trans- Prior to growth, halogens contained in L)MZ
Port properties as well as photoluminescence for and I] Le wvere analvied. Indluctively.-coupled
both ZnSe : I and ZnSe: N growkn on GjaAs (I00) plasma spectroscopv, (ICPS) shows, that the DI)Z
'substrates KY MOMBI' used in this stud-, contains about I ppmn of CIL In

contrast, in I-I.Se. CL. Br and I of more than 0.01

2. Experimental ppmi were not detected bN diphenylcarbazone
miethod.

[he details Of our MOM BE apparattus hlavc The (htAs substrates were cleaned in the fol-
been published elsewhere [121. Iodine-doped and lowing A \ before growth: (I1) rinsed in tricbloro-

W~22-()24K '()I, S)3.5i , 1 991 [(set icr Scuette I'iublislters it v North-HIollaid)
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ethane. (2) rinsed in methanol. (3) etched in 4: 1 : 1 200
HSO:H.O,:H.0O at 40'C for 30 s and (4)
etched in 1 : 1 HF: HO at room temperature for 180
60 s. After this wet cleaning, the substrates were
heated in a reactor at 550630o C for 10 min.

Photoluminescence (PL) spectra were measured 160.

at temperatures between 4.7 K and RT under z
He-Cd laser excitation at wavelength of 325 nm -t.7
with a power density of less than 50 mW/cm.

z
LU 120
Uz

3. Results and discussion 0
z 'E

3.1. Iodine-doped n-type ZnSe 0 __Q

Fig. I shows the PL spectra of ZnSe: I grown
at 350 'C measured at 4.7 K and RT. The inset
shows details of the exciton emission region. The
broad emission with a peak energy of 2.132 eV z
(581.1 nm) at RT comes from the self-activated
(SA) center of a (Zn vacancy)-iodine complex.
The peak of an emission line at the band edge 3. 5 6 7 8 9 10 11 12 13 14

region is located at an energy of 2.802 eV at 4.7 K, 1 03/ T (K - ')
which is close to the peak energy of a free exciton Fig. 2. Electric transport properties of n-ZnSe: I measured b,,
emission in ZnSe 1191. The line has a tail develop- the Van der Pauw configuration at various temperatures below

ing on the lower energy side. which is characteris- RT.

80e , K i2 602eV tic of band-tailing caused by highly-doped iodine
[4.151.

The electron concentration (n). conductivity
(a) and mobility are shown in fig. 2 as a function
of temperature (T) for a ZnSe:l film grown at

A _350'C. The measurements were made in the Van
der Pauw configuration. Ohmic electrodes were

i,.0 45 -,-0 obtained by deposition of indium followed byZ 430 40o 450 4.60
WAVELENGTH annealing at 270'C for 5 min. At room tempera-

z ture, the electron concentration is 2.2 x 10 t' cm 3.

~ RT Hall mobility 160 cm 2/V, s and resistivity (p =
725eV 2132ev )1.9 X 10- 2 S2 cm. The maximum mobility of

190 cm 2/V, s occurs at 180 K with n = 1.7 × 1018
cm _ . The log n versus 1 T curve indicates an
electron transport mechanism with two kinds of
activation energy. The first slope is 8 meV at a

400 500 600 700 800 temperature region higher thn 180 K. The second
WAVELENGTH(nm)

Fig. 1. Photoluminescence spectra of n-ZnSe:l (Tg 350°(") slope has zero activation energy at a temperature
measured at 4.7 K and 23'C. The inset is the detailed spec- lower than 120 K for electron transport. The cor-

trum in the - ,iton emission region at 4.7 K. responding activation energy for the conductivity
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is 5 meV. which was estimated from the slope 19
below 200 K. The Bohr radius can be calculated to 10

be 2.9 nm for ZnSe with a dielectric constant K of
9.1 and an effective mass ratio of 0.17 [14,15].
From this Bohr radius, the minimum impurity
concentration (N,'"') causing the wave-function 1E
overlap can be estimated to be I x 10 cm - 3  Z
which is well below the observcd carrier con- 2
centration (2.2 x 10"' cm- 3 ). It is, therefore, con-
cluded that the small activation energy results

Zfrom the conduction through the interaction be- LU 8
tween iodines. as usually observed in highly doped d0
semiconductors. U

Z
w3.2. Nitrogen-doped p-n-pe ZnSe CD 75

L "As

Nitrogen concentrations N, in the N-doped -d

ZnSe were measured by secondary ion mass spec-
trometry (SIMS) with 13 keV Cs' ions as the

14N Zprimary beam. Instead of monitoring a N ion. z aS

')4 iiiW
a SeN - ion was used to determine the amount 17 _ - N_
of nitrogen in ZnSe because of its higher ioniza- 10 r0 10 20 30 40 50

tion efficiency than that of 1
4 N> Integration of SPUTTERING TIME (m )

the 14SeN- signal gives the nitrogen concentration 250 300 350 400

in comparison with reference samples implanted Tg 3 °5)

with N* ions at concentrations of 1017, 1018 or Tg CC)

10" cm '. The detectable N," in ZnSe is more Fig. 3. Nitrogen concentration in ZnSe as a function of growth

I X 1 cm CM h 9 4 N temperature (T) analyzed by secondary ion mass spec-
than 1× m when SEN is used. Typical troscopy. The inset shows typical depth profiles of 9

4
SeN in

depth profiles for N-doped ZnSe are shown in the nitrogen-doped ZnSe: (a) implanted with N* ion concentra-

inset in fig. 3. In this figure. the N, tends to tion of 10" cm
- and (h) doped by MOMBE at T = 350°C.

increase from 2 x 1017 cm - up to about 1019
cm - as the growth temperature (T) increases
from 250 to 350'C. However, over 350'C, the
concentration is slightly reduced. 12 (2.797eV) 5.6K

Fig. 4 shows a PL spectrum of ZnSe: N grown lIN (2.792 eV) o(2704eV)
at 350'C, in the band edge region at 5.6 K. The >_

lines appearing at 2.792 eV (444.1 nm) and 2.797 !Z
eV (443.3 nm) can be attributed to an exciton Z
bound to a neutral nitrogen acceptor (I") and to Ex
an exciton bound to a neutral donor (12), respec- (2.803 Q1
tively. The nitrogen activation energy of 98-108 -. e"I

meV is obtained from the donor-acceptor (DA)
formula [171 by using a zero-phonon peak of DA (\.2 Q3

pair emission, i.e. 2.704 eV. These results show
that nitrogen in ZnSe acts as a shallow acceptor. 440 450 460 470 480

In advance of the Hall measurements, the ohmic WAVELENGTH (nm)
contact conditions were determined by varying Fig. 4. PL spectrum of ZnSe:N grown at 350*C in the band

annealing temperature. Formation of ohmic elec- edge region at 5.6 K.
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trodes for ZnSe: N was attained as follows: gold characteristics were measured at RT as a function
was deposited and annealed at various tempera- of annealing temperature. As shown in fig. 5, the
tures between 260 and 460'C in an N, atmo- ohmic electrodes are obtained between 310 and
sphere for 5 min. With electrodes formed in this 4100C. Electrical properties of ZnSe:N were
way on ZnSe:N films, current-voltage (I-V) measured with electrodes formed at 3600C where

I-,

Fig. 5. Current-voltage (I- V) characteristics of Au contacts on ZnSe:N at RT as a function of annealing temperature: (a) 260 0 C,
(b) 310'C. (c) 360 0 C, (d) 410 0 C and (e) 460*C. The vertical and horizontal scales are 10 pA and 10 V for (a). 10 pA and 2 V for

(b)-(d) and I pA and 10 V for (e).
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the resistance has the minimum value. Those con- 500

tacts remain ohmic from RT to the liquid nitrogen
temperature.

Fig. 6a shows the hole concentration of ZnSe: N 0

grown at 350 and 400'C as a function of 1/T. i>/ 0

The hole concentration at RT is 2.0 x 10'" cm ge

for 7,= 350°C and 4.0 x 10'5 cm 3 for T= 
400 C. For p-ZnSe grown at 350'C. the hole >_100

concentration decreases as T decreases. Assuming
that the acceptor concentration IVA is larger than

the donor concentration N ,, the activation energy 50

of the p-type conductivity EA, the acceptor con-
centration N and the donor concentration N, t

can be calculated from the following equation:

p(p+N 3 ) N, IEA)
N. -- - x kT)

P g10i

where p is the hole concentration. N v the density 3 4 5 6 7 8

of states of the valence band. N, =.2 1 0 '/T (K-')

(27m, kT/,h )' , The hole effective mass is taken Fig. 7. Dependence of Hall mobility on measurement tempera-
here as in, = 0.75rn, [21] and the degeneracy fac- ture. The sample is ZnSe: N grown at 350'C.

tor as g= 4. Then eq. (1) gives N, = 9 X 10' 6-3 x

1017cm 3 NA - N, = 4 x 10'5 --7 X 101 5cm - 3 and
a EA = 90-110 meV. The obtained value of EA

1 o b0 06- agrees well with that estimated from the PL spec-

T 400 C T4O0"C trum described above. The conductivity has the

same dependence as that of the hole concentration
0 and is 6.7x 10-3 -1 cm-' at RT for the film

'grown at 350°C (fig. 6b). The Hall mobility for
' the sample of Tg= 350° C increases with a de-

Zo15 crease in temperature and is about 20 cm 2/V -s at
STO3 1 Tq:350C: "room temperature, as shown in fig. 7.

*5c The conductivity of the film grown at 400'C
U was obtained to be 4.1x102 J21 cm-' at RT.
o *as shown in fig. 6b. The temperature dependence

0z of conductivity cannot be fitted by a single ex-
10 ponential curve, which is different from the case

u0 0 of T = 350°C. The hole concentration of the
ZnSe: N grown at 400 °C increases with a slope of

e * about 150-200 meV from RT to 220 K. This is
followed by a decrease in the hole concentration
as the temperature decrease below 220 K. This

23 4 5 6 7 8 2 3 45 6-,7 8 result suggests that the donors with the activation1T (i() Io'/T sugest
energy of 150-200 meV compensate for nitrogen

Fig. 6. Electric properties of p-type ZnSe N grown at T= acceptors at around RT. Assuming that NA is
350 0 C and 4000( measured at vanous temperatures below
room temperature: (a) carrier concentration and (b) conductiv - larger than N, at a temperature below 220 K, one

can calculate E,. N, and N) from eq. (I): N, is
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3 x 10'6-7 x 101' cm '. N - N,, is 2 X 101 - 4 x most 4%, which suggests that the crystallinity of
1016 cm 3 and EA is about 80-100 meV. Al- the p-type films has also to be improved, so as the
though NA is larger for the film of T = 3500 C enhance the p-type conductivity. A combination
than for the film of T = 400 ° C. a comparison of of these n-type ZnSe: I and p-type ZnSe: N films
NA - N1, between the two T's shows that the must be very promising to bring forth efficient
donor concentration N13 decreases as T increases, blue-light emitting diodes.
Since the ratio A,/N, is 1-4% and is almost same
for both films, this result indicates that the T-de-
pendence of N,, is mainly responsible for the
increase in hole concentration with T. The donors References
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Electric field assisted doping of semiconductors during epitaxial growth

Y. Rajakarunanayake. J.O. McCaldin and T.C. McGill
Thomas J. Watson. Sr Lahoratorv of Applied Physics. California Institute of Technologv. Pasadena. California 91125. USA

We describe a novel technique to improve doping in semiconductors, by the application of external electric fields during crystal
growth. The dopants are modeled as charged. mobile species that are free to diffuse and drift under electric fields. In the case of
molecular beam expitaxial (MBE) growth, we solve for the steady state of these species in a moving coordinate frame that travels with
the growth front. We have specifically applied our analysis to Li donors in n-type ZnTe. Our results indicate that excellent
improvements in the doping concentrations could be obtained under normal MBE growth conditions, with the applications, with the
application of substantial electric fields.

!. Introduction 2. Physics of phenomena

Under external fields applied during growth.
Wide band gap II-VI semiconductors have not band bending is introduced near the growth

realized their potential as visible light emitters surface, fig. Ia. The x-axis of fig la corresponds to
because of inability to achieve p-n junctions with the distance from the growth surface measured in
selective doping in both conduction types [1-41. the moving coordinate frame that travels with the
For example. ZnSe can only be easily doped n- growth front. For simplicity we assume the bands
type, while ZnTe can only be easily doped p-type. are flat in the absence of the external electric
Although there have been many attempts to re- fields. If additional band bending occurs because
verse the preferred conduction types of these of Fermi level pinning at the surface 1161, it is
materials within the past few decades, the results straightforward to include such effects in our
have at best produced very limited success [5,6]. calculations.
Molecular beam epitaxy (MBE) and metalorganic As a result of upward band bending at the
chemical vapor deposition (MOCVD) have re- surface, it is possible to enhance the incorporation
ceived the interest in wide bandgap II-VI semi- of an ionized donor species while suppressing the
conductors by permitting abrupt heterojunctions incorporation of ionized acceptor species. The
and novel doping techniques and producing het- ionization of donors inside the semiconductor pro-
erojunctions [7-91. Recent successes in producing duces a donor concentration N'. and an electron
Li doped p-ZnSe have attracted much attention concentration ns near the surface. Using the fact
[10-131. We propose that the application of an that these donors are in equilibrium with the ex-
electric field during epitaxial growth can produce ternal phase, we can adopt the arguments given by
enhanced doping and reduce self-compensation Lander [17] to show that [17,18]:
overcoming some of the difficulties associated with
Il-VI doping. We will use a simple example of Li nN 1 ).- K.
donors grown into ZnTe by MBE for illustration, where K is a constant determined by the tempera-
but the general idea is readily applicable to other ture and the concentration of neutral donors in
semiconductors and growth techniques. the external phase. If we assume that the electron

0022-0248/91/$03.50 1, 1991 - Elsevier Science Publishers B.V. (North-Holland)
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E- Electric Field electric field E, to the concentration of ionized
V Growth Direction donors N,) (O) with no electric fields, from eq. (3)

'F(a) we obtain
• V E NS.(E) qls

. ................ EF ND*(0) exp (4M° F 0-- -
where Vs is the surface band bending as shown in

® v fig. Ila.

__ Next, it is necessary to bury the enhanced
surface concentration of donors given by eq. (4)

(b) deep inside the epilayer to obtain thick layers with
S improved doping concentrations. Since new

material is created constantly at the growth rate,
the surface concentrations gets buried at the

0 growth rate. However, at the same time it is possi-
0 lntoN-- N(E) ble for ionized donors to drift back towards the

growth surface because the high electric fields
1 ' Distance x) present in the depletion region of fig l a tend to

Growth exert a force that pushes them towards the surface.
Surface If the growth occurs faster than this drift process,

Fig. 1. Schematic diagram of the band bending in the presence
of external electric fields is shown in (a). The figure is drawn in then it is possible to obtain thick epitaxial layers
the moving coordinate frame that travels with the growth with enhanced doping concentrations. This situa-
front. In (b) the expected enhancement of the doping con- tion is shown in fig. lb where N"!( E) > No.(O).
centration is shown. The dashed line of (b) corresponds to the We choose a particularly simple example to
doping concentration under zero electric field, while the solid illustrate field assisted doping, in which the only
line corresponds to the expected donor concentration under a

substantial electric field, mobile specie is interstitial Li. Interstitial Li has
been widely studied [191 in Ge and Si and its
behavior found to follow simple laws of drift and

concentration is given by a classical Maxwell- diffusion under most circumstances, here we as-
Boltzmann distribution, then sume similar behavior of Li in a ZnTe host. It

should be pointed out, however, that this simple

E "
- exp E. ) (2) example comes at a price in that interstitial Li is

kT highly mobile, which causes the expected doping

where Es. is the position of the donor level at the enhancement to be modest.

surface and the Fermi level for electrons is given
by E.. Using eqs. (1) and (2) we can express the 3. Theory
ionized donor concentration at the surface as

In this section we analyze the diffusion and

exn( Es,-E, (3) drift of dopants under the conditions present in
D. kT electric field assisted doping. If we assume that

Since it is possible to easily change the donor level the growth rate is u. and denote the mobility.
diffusion coefficient, and concentration of donorsE s . at the su rface by ap p lying extern al elec tric b , A a d N . e p c i e y h n t e p r i l

fields, from eq. (3) we see that it is also possible to byrrentD. andtNe.mrespectivelythenftheeparticldtretlyalte th cocentatin o theionzed current j in the moving coordinate frame can bedirectly alter the concentration of the ionized witnawritten as
donors at the surface. If we compare the con-
centration of ionized donors at the surface N. ( E) d N,.
corresponding to the case of doping under an dx
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Eq. 5 has the familiar drift and diffusion currents 20
plus an extra convection current that describes the 19
fact that in moving coordinate frame material is 18 1
buried at rate v. Using the continuity equation
and requiring steady state, we obtain a second 7

order differential equation for Nt,.(E, x). The c 16 _

solution to finite values at infinity. is given by _ 15

,VD ( El x 14'

02 5 '5 22 2 5 1

× exp q VOCx ) v
X x kT -D d.\ (6) ,scei/-,

Fig. 2. The figure shows the Li donor concentration profiles

where V(x) is the band bending. and Nt n!(E) is obtained under electric field assisted doping. The enhancement
of the Li concentration for several electric field strengths is

the concentration of ionized donors deep inside shown. We have assumed that it is possible to obtain n-type

the bulk as shown in fig. Ia. The form of the band ZnTe with Li at 102 cm under zero electric field 161. The

bending V(x) is given by the solution to the application of a 3 key cm electric field at the surface can

Poisson equation which depends on ND.. How- produce roughly two orders of magnitude improvement in bulk

ever. valuable information about the electric field doping.

assisted doping could still be obtained by assum-
ing a simple exponential form for the band bend- Notice that under these conditions, the region
ing given by near the surface is more heavily n-type doped

4 x x while the region deep inside the semiconductor is

V( V x - less heavily n-type doped. However, the donor
concentrations deep inside the bulk are still larger

where , corresponds to the Debye screening length than for the case with zero electric fields. Fig. 2
of an electron concentration of NDt'f(E). With this shows that it is possible to attain bulk doping
form for the potential. it is straightforward to concentrations of n = l 0 t cm 3 in ZnTe for elec-
obtain the form of ND.(E. x) from eq. (6) in tric field strengths of 3 keV cm '. The surface
terms of three dimensionless parameters q\E/kT, doping concentration produced in this case is =
D/lA. and x/A. 3.0 X 1 0 14 cm '. At lower electric field strengths

(E =-0.3 keV cm -), bulk doping can still be
enhanced by about an order of magnitude over the

4. Results zero field case, without the formation of a heavily
doped surface region.

Quantitative results obtained for Li donors in In fig. 3 we show a contour plot of the
ZnTe are given in fig. 2. In this example, we log[N 1 !(El/ND.(0)] as a function of the dimen-

assume the growth temperature to be 300'C. the sionless parameters qX\E/kT and log[D/X,,].
diffusion coefficient of Li donors to be 10 1 cm _2  The length X, ts the Debye length corresponding
s 1 [22.9] and the growth rate V _ 10 7 cm s I to an electron concentration equal to ND.(O). This
corresponding to attainable values in 11 -VI MBE value of X0 is different from the quantity X used
[231. Also. we assume a net donor concentration in eq. (7) which corresponds to the Debye screen-
N,,.(0) obtainable in bulk n-ZnTe without electric ing length of an electron concentration of N '(E).

fields of 10
'2 cm '. based on the results of Fischer Positive values of the electric field (pointing out of

et al. [6]. the semiconductor) produce an increase in the
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40 5. Conclusion

We have shown that the application of electric
30- fields during the epitaxial growth of semiconduc-

tors produces band bending at the growth surface
that could enhance the incorporation of donors

20 near the surface. In addition to producing im-
CT proved doping concentrations near the surface, it

is also possible to bury the enhanced surface con-
centration deep inside the bulk to obtain thick

Cy epilayers with improved doping. Although. for the
sake of simplicit ' . we have applied this technique
to the analysis of Li donors in ZnTe. the general

03 -0 1idaiwieyapplicable to other dopants and
;og 0 [D/A0vI growth techniques. This method could also be

Fig. 3. Contour plot of the logIN xn! ( E .V,.- )] is shown as a easily applied to reduce self -compensation in
function of the dimencrsionless parameiers I) A,,r an semiconductors. since the formation of corn-
.\,qE kr. The quantities N,) i ) and .%,,. (0) are illustrated pensating acceptor complexes near the surface
in Fsig. Ib. The tDehs screening length for an electron con- could be suppressed.
centratton of A 0 1)- o is given hs. X_ An enhancement in the
doping concentration can he produced h\ increasing the
,trength of the electric field 1- The figure also shows that it is
harder to obtain large enhancements in doping concentration if Acknowledgement
the diffusion coefficients are large. The specific situation corre-
sponding to the 1-i donor in ZnTe is indicated his the dashed This work vt ai -supptorled by the Office of Naval

line Research under contract NO0t)14-9t)-J-1742.
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Photo-assisted MBE growth of ZnSe on GaAs substrates

N. Matsumura. T. Fukada, K. Senga, Y. Fukushima and J. Saraie
Department of Electronis and Information Science, Facultr of Engineering and Design, Kvoto Institute of Technology. Maisugasaki.
Kvoto 606. Japan

ZnSe epilavers have been grown by photo-assisted MBE on GaAs substrates at various substrate temperatures and under various
molecular beam intensity ratios of group VI to group 111 element. A He-Cd laser with 441.6 nm wavelength was used as a light
source. From the temperature dependence of the photo-desorption rate constants, the activation energies of photo-desorption of Zn
and Se adatoms from the physical adsorption state ( E ,, Es,) and from the chemical adsorption state ( E( ) are obtained, that is.
E= 7.8 kcal/mol, E. = 6.7 kcal/mol and E' = 16.1 kcal/mol. Thus. the photo-desorption observed is photo-enhanced " thermal"
desorption. ZnSe epilayers have been successfully grown at a temperature as low as 150 ° C. A sharp and strong free-excition emission
is observed in photoluminescence spectra at I I K in the low-temperature grown samples, which shows that the crystallinitv is almost
comparable with that of the unirradiated epilayer grown at 340 oC (the optimum growth temperature without irradiation).

I. Introduction and the low-temperature epitaxial growth under
He- Cd laser irradiation.

ZnSe has been recognized as one of the most
promising materials for blue light emitting de-
vices. To prepare highly efficient devices, it is 2. Experimental
necessary to establish a growth method for obtain-
ing high-quality epilayers. The substrates used were Cr-O doped GaAs-

Recently, we have reported the effects of light (100) wafers. Source materials were elemental 6N-
irradiation on MBE growth of ZnSe and ZnSSe on Zn and 6N-Se (Osaka Asahi Metal Mfg. Co.,
GaAs substrates (1,21. The photo-desorption of Ltd.). The molecular beam intensity ratio of group
adatoms from the growing surface is observed at a VI to group I element (Jvl/Jli ratio) was changed
substrate temperature of 340'C, and the desorp- from 0.4 to 2.1. The substrate temperature was
tion rate constants of Zn, Se and S atoms are varied from 150 to 340'C.
obtained under H-e-Cd laser (441.6 nm) irradia- A He-Cd laser (Kimmon Electric Co. Ltd..
tion. The intensity of the free-excition emission in CD4601R) with a wavelength of 441.6 nm was
the photoluminescence spectra increases with light used as an irradiation light source. The laser beam
irradiation during growth, which indicates an im- was expanded to a diameter of 5 mm. The irradia-
provement of the crystallinity of the epilayers. tion intensity and photon density on the substrate
These effects are attributed to the photons whose were about 300 ntW/cm2 and about 7 X 1017 pho-
energies are larger than the bandgap of the epi- tons/cm -, s, respectively. The beam was intro-
layers [2]. As for CdTe, improved doping control duced on part of the substrate surface at an angle
at low growth temperatures was previously re- of about 20'. Another part of the epilayer was
ported by photo-assisted MBE growth [3.4]. irradiated by the light after the growth for 4 - 10 h

In this report, we have studied the temperature in the growth chamber with maintaining the tem-
dependence of the photo-desorption of adatoms perature equal to that used during growth, in

(022-0248/91/$03.50 1991 - Elsevier Science Publishers B.V. (North-Holland)
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order to investigate irradiation effects on the corn- TEMPERATURE (*C)
_ 340 300 250

pleted chemical bond. Thus. in a single growth Q±r 9 9
run, we obtained three kinds of epilayers; an S 0.1-
epilayer irradiated during growth, an epilayer E' " 16.1 kcal

l mol

irradiated after growth and an unirradiated epi-
layer. Details of the growth procedure have been U

Zreported elsewhere [1]. 00
The growth rates without irradiation were CL

0.25-0.5 pAm/h and the growth times was 3-4 h. 0

The thicknesses of the unirradiated epilayers were L
measured by SEM observation of the (110) clea- 1.6 1.8 2.0
vage plane of the epilayers. The thickness reduc- 1000/ T (K- )

tion of the irradiated epilayers was measured by Fig 1. Temperature dependence of photo-desorption rate con-
stant of Zn or Se atoms from the chemical adsorption state.multiple beam interference microscope. The crys-

tallinity of the grown layers was evaluated by
medium energy electron diffraction (MEED) with atoms and Se atoms, respectively. D" is the
an acceleration voltage of 4 kV. Photolumines- photo-desorption rate constant of the Zn or Se
cence spectra were measured at 11 K using an atoms from the chemical adsorption state. N, is
ultrahigh-pressure Hg lamp as an exciting source the surface concentration of the Zn or Se atoms
(365 nm. 400 mW/cm2). (6.2 X 1014 atoms/cm 2 in ZnSe(100) surface).

The film thicknesses are reduced by laser
irradiation after growth with maintaining the sub-

3. Results and discussion strate at the growth temperature. This means that
the chemically bonded atoms photo-desorb from

3. 1. Photo -desorption of Zn and Se adaos the surface. Fig. I shows the temperature depen-
dence of the photo-desorption rate constant D'

The growth rates of the epilavers are reduced from the chemical adsorption state. The constantThe rowt raes o th epiayer ar redced D' decreases with the decreasing substrate tern-
by laser irradiation during growth. The reduction perderea h he decras statete-rates depend both on the Jvi/Jii ratio and on the perature. The value of Dc at 250° C is calculated
sustrates eperabotue e alrayo propod onthe to be smaller than 0.01. which is the detectionsub strate tem peratu re. W e alread y p rop o sed the li t of ur m a re n . T h ac v t o n n r v
growth-rate equations including photo-desorption limit of our measurement. The activation energy

rate constants of the Zn and Se adatoms on the of [he photo-desorption was obtained from the

growing surface [1]. The growth rate under laser slope of the line as 16.1 kcal/mol. Thus. the

irradiation (G,,) is obtained as photo-desorption from the chemical-adsorption
state is photo-enhanced thermal desorption.

G ,; )(k -O/1 . )J, J, Yao and Takeda [51 and Farrell et al. 16] ob-
served the Se desorption from the ZnSe surface

D' N r2 Ik/,(l D D,, )J,, from the change in the RHEED reconstraction
pattern from the Se stabilized surface to the Zn

+ k2 D vt] ) stabilized surface. They measured the temperature
dependence of the Se desorption time and re-

where D , (D!) is the photo-desorption rate con- ported the activation energy of Se desorption as
stant of the Zn (Se) adatoms from the physical 15.1 kcal/mol [5] or 13.8 ± 2.3 kcal/mol [6]. The
adsorption state on Se (Zn) exposed surface. kn change in reconstruction pattern means surface-
and k, are the sticking probabilities of the Zn atom desorption from the chemical adsorption
atoms on the Se exposed surface and the Se atoms state. Farrell et al. reported that this desorption is
on the Zn exposed surface, respectively. J,, and electron-stimulated thermal desorption of Se
J., are the molecular beam intensities of the Zn adatoms. The activation energy of the photo-de-
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sorption from the chemical adsorption state (16.1 state (Ez and EP) are obtained from the slope
kcal/mol) in our case is similar to the above of the lines:
activation energies of Se desorption obtained by
RHEED observation. However, they only ob- Ein -= 7.8 kcal/mol, E.P = 6.7 kcal/mol.
served the Se atom desorption and not the Znatom desorption in the electron-stimulated ther- Thus, it is clarified that the desorption from the
mal desorption process. In our case, both Se and physical-adsorption state is also photo-enhanced

jutpSdgn thermal desorption. The Zn or Se molecules do
Zn atoms desorb with the light irradiation judging not have absorption bands at 441.6 nm. The
from the fact that the film thicknesses are reduced photo-ehancement of the desorption of the
by the irradiation. The mechanism of the photo- photo-enhadsorpon og theenhanced thermal desorption from the chemical physically adsorbed atoms by 441.6 nm light indi-
enancedthermaldesorption statama that ohem - cates that the photons, whose energies are larger
adsorption state is not the same as that of elec- than the bandgap of the epilayers. are absorbed in
tron-stimulated desorption.

The activation energy of the siiiple thermal the epilayer and the photo-generated carriers re-
Ivaportivtion energy kc mof [. Te activation duces the attractive adsorption forces between the

evaporation is 30 kcal/mol [5]. The aadatoms and the surface. It is considered that the
energy of the photo-desorption is smaller than reduction of adsorption forces comes from the
that of the thermal evaporation. It can be said that reduction of Van der Waals forces between the
the light irradiation reduces the bonding energy of adatoms and the surface including excess photo-
chemically adsorbed atoms to the underlying layer. adated te srface nciuding exc t-Samples with various Jv1 /Jii ratio and sub- generated free carriers The possibility of excita-

stratephoto-generated carriers cannot be excluded, how-
tion during growth. The thicknesses are reduced photo e d carrie cat be ecludedohow-ever. It should be noted that the activation en-
much more than those of the samples irradiated ergies obtained (Ec , EP , Es ) may depend on
after growth. Using the Jz, J, and D(' values, the light intensity. c se

and taking kz, and k, to be unity [7], the tem-
perature dependence of D% and D p was ob-
tained as shown in fig. 2. The constants Dp, and 3.2. Low-temperature growth by photo-assisted MBE
DP decrease with the decreasing substrate temper-
ature. The activation energies of the photo-desorp- As mentioned in section 3.1, the attractive ad-
tion of Zn and Se from the physical adsorption sorption forces of physically adsorbed atoms are

decreased by laser irradiation. Therefore. the light
irradiation possibly enhances the migration of
adatoms, which will help epitaxial growth at low

TEMPERATURE (*C) temperatures. Thus, the low-temperature epitaxial
1 ,0 250 170 growth has been tried.

6.7Tkcaiimo4 Fig. 3 shows MEED patterns of the grown
layers with or without irradiation. Above the sub-
strate temperature of 250 'C the MEED patterns
show that the grown layers are single-crystalline

O.- and the patterns are almost the same whether the
Ez. 7.8 kcolmol sample was irradiated or not. The unirradiated

0! D., layer grown at 225 0 C shows the MEED pattern
with spots and oriented rings. Therefore, a sub-

00t 1.6 2.0 2 strate temperature above 2500C is needed for-- 1.6 1.8 2.0 2.210001 T (K-8 )  growing single-crystalline ZnSe epilayers on
1000/00 susrae byMB wthutlae

Fig. 2. Temperature dependence of photo-desorption rate con- GaAs(100) substrates by MBE without laser
stant% of Zn (D,, ) and Se ( L) adatoms from the physical irradiation. The MEED pattern of the layer grown

adsorption state. at 1500C with irradiation shows a single-crystal-
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line spotty pattern (fig. 3c), that is, with He-Cd - o) TsIS-oc

laser irradiation during MBE growth, the epitaxial WITH ix

temperature was successfully lowered down to IRRADIATION

150°C. Fig. 3e shows a MEED pattern at 150'C
under laser irradiation of 90 mW/cm 2 (30% of F,

that in fig. 3c). This pattern shows an oriented
polycrystalline pattern. It revealed that the lower .0
limit of 1500C in this study relates with the laser
power, and the epitaxial temperature could be
lowered more with higher photon-density irradia- 440 444

z
tion. L L

Fig. 4 shows photoluminescence spectra of the z (b) Ts=340*C

grown layers with (at 150'C) or without irradia- I
Z I THOUTtion (at 3400C). The free exciton emission (F')o IRRAMITION

of the irradiated epilayer grown at 1500C is sharp n ,
and strong. comparable to that of the unirradiated W
epilayer grown at 340'C, which is the optimum 440 444

growth temperature without irradiation. Almost _

420 500 600 700
WAVELENGTH (nm)

Fig. 4. Photoluminescence spectra of the grown layers: (a)
spectrum of the layer grown at 150 0 C with irradiation and (h)

spectrum at 340 *C without irradiation.

no emissions were observed in the unirradiated
polycrystalline layer grown at 150 0 C.

The donor-bound-exciton emission is observed

* at 443.2 nm. The binding energy of thJ6 emission
is almost the same as that of the usually observed
ix (D', X) emission in MBE-ZnSe epilayers [8].
The intensity ratio of Ix emission to FF, emission
decreases with the increasing substrate tempera-
ture. The intensities of FE, are almost the same in
the epilayers for the substrate temperature from
150 to 340'C. The large Ix/FE, ratio of the
low-temperature-grown layers s-.ggests that the
sticking probability of donor impurities increases
at low temperature. The bound-exciton emission
of neutral shallow acceptor (I') is observed in the
epilayer grown at 1500C, whereas it is not ob-
served in the epilayers grown at 340 ° C whether or
not they were laser-irradiated. Therefore, impuri-

Fig. 3. MEEI patterns of the grown layers with and without ties are easily incorporated into the epilayers grownlaser irradiation at substrate temperatures of (a). (b) 250*C
and (c)-(d) 150 *C. (a), (c) Patterns with 100% irradiation: (c) at low temperature, that is, the low-temperature
patterns with 30% irradiation: (b). (d) patterns without irradia - growth will be advantageous for intentional donor

tion. and acceptor doping.
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4. Conclusion New Functionality Materials - Design. F-.para-
tion and Control, the Ministry of Education. Sci-

ZnSe epilayers have been grown by photo-as- ence and Culture of Japan, No. 02204001. and

sisted MBE using a He-Cd laser (441.6 nm). The also by a Grant-in-Aid from the Akai Foundation
substrate-temperature dependence of the photo- and the Murata Science Foundation.
desorption of adatoms on the surface clarified that
the photo-desorption from the physical- or the
chemical-adsorption state is photo-enhanced
" thermal" desorption. The activation energies are
determined. References
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Ultraviolet irradiation effect on the MBE growth of ZnSe/GaAs
observed by RHEED

Masakazu Ohishi. Hiroshi Saito, Hiroshi Torihara, Yasunori Fujisaki and Kenzo Ohmori
Department of Applied Physics. FacultY of Science. Okavarma Unicersity of Science. Ridai-cho I-1. Okavuma 700. Japan

Ultraviolet light irradiation effects on the MBE growth of ZnSe/GaAs(001) were investigated by means of R14EED observation.
One of the prominent effects induced by the UV irradiation is to enhance the desorption of Se molecules. The other is that the decay
of the RHEED oscillations becomes faster. These results imply the enhanced possibility of three-dimensi, ).l -qwth. which leads to
the inferior surface morphology of the ZnSe/GaAs epilayers grown under photo-irradiation. Possible spt.. i sn on photo-MBE
growth mechanisms is also given.

1. Introduction 2. Experimental procedure

Photo-assisted MBE is a new technique that Epitaxial ZnSe layers were grown by a conven-
has been developed to control epitaxial growth, tional MBE system equipped with a 20 kV
and several photo-irradiation effects on the growth RHEED gun. Semi-insulating Cr-, 0-doped GaAs
have been noted [1-5]. So far, the photo-irradia- wafers with surface orientation of (001) were used
tion effects on growth rate, surface morphology as substrate crystals. They were etched chemically
and photoluminescence properties have been in- in a solution of 5H,SO4 : 1 H,O, : I H,O. rinsed in
vestigated mostly on the grown epilayers. Photo- deionized water, and dried with N, gas. Prior to
luminescence properties are greatly improved. i.e.. the growth, they were thermally cleaned at 620 C
stronger excitonic and weak deep luminescence for 5 min in the growth chamber (base pressure of
lines. The surface morphology, however, becomes I X 10-7 Pa. without As flux), confirming the
considerably worse compared with that of un- appearance of distinct 2 x 4 reconstruction streaks.
irradiated layers. The growth rate is still a con- The beam pressure was measured at the substrate
troversial point. The MBE growth mechanisms position by a nude ion gauge. Prior to the observa-
under photo-irradiation are not clearly understood tion of RHEED characteristics, ZnSe buffer layer
yet. The in-situ observation of intensity variation was grown by the conventional MBE mode. He-
of specular spot in RHEED is desirable to con- Cd laser light (325 nm lasing wavelength, 10 mW
firm them. output power) was introduced from the direction

In this paper. we report the experimental re- of one of the effusion cells, which was replaced by
suits on the variation of RHEED specular inten- a quartz window.
sity during the MBE growth of ZnSe/GaAs under The specular spot intensity in the RHEED pat-
UV light irradiation. Furthermore, the specular tern was detected by a photomultiplier via a glass
intensity variation during the adsorption and de- fiber located on the focal plane of a camera lens,
sorption processes of Zn atoms or Se atoms (mole- and the output signal was processed by a micro-
cules) are also discussed. These in-situ RHEED computer. The shutters of effusion cells were
observations are the direct confirmation of the UV driven by microcomputer-controlled stepping mo-
irradiation effect during the growth of ZnSe/ tors. The time required to open or to close the
GaAs. shutter completely was about 0.1 s or less. The

0022-0249/91/$03.50 1991 - Elsevier Science Publishers B.V. (North- Holland)
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high energy electron beam (15 kV) exerts an un- growth, the interruption of Se beam flux (Se off
favorable influence of the epilayer surface, which and Zn on, formation of the Zn stabilized surface)
prevents us from studying in detail the growth results in the increase of l,. After a short interval
mechanisms (6,7]. We used, therefore, the lowered (both Se and Zn off), the reversed shutter open-
acceleration voltage Vp of typically 4-6 kV with ings (Se on and Zn off, formation of the Se
the current of 18-30 pA. stabilized surface) result in a decrease of I. Then

the interruption of both the Zn and the Se beams
(both Se and Zn off brings about a gradual re-

3. Experimental results and discussion covery of Ip to the intensity level of the Zn
stabilized surface.

3.1. The UV light irradiation effect on the desorp- These results indicate that Se on the surface
tion process of Se desorbs gradually, and finally the surface changes

to the Zn stabilized one. This fact is also con-
The specular intensity (l1p) variations observed firmed by the change of the initial Se 2 x 1 recon-

from the direction of k 011 [110] during the adsorp- struction pattern to the final Zn c(2 x 2) recon-
tion and desorption of Se were depicted in fig. 1 struction pattern. The recovery rate (and therefore
for several UV light levels from 0 to 220 mW/cm2 . the desorption rate of Se). however, depends upon
Experiments were performed using the shutter se- the UV light intensity, i.e., the rate becomes larger
quences for Zn and Se beams shown in the figure with increasing UV intensity. At lower T., the
under Pzn = 1.5 X 10 - 4 Pa. Ps, = 3.2 x 10 4 Pa recovery becomes slower, but at higher Tub it
and T, =300*C. Following the buffer layer becomes faster at a fixed UV light intensity. The

two-stage recovery as in the unirradiated and 25
W/cm2 cases in fig. 1 is generally observed when

RHEED: Vp = 6 kV the desorption rate is low enough, i.e., at low Vp,
on-LFL Se k/I [1101 low Th and low UV light intensity, and can be
off ascribed to the desorption of excess Se molecules

Laser
Zn intensity in the first stage and that of Se adatoms in the

off (mW/cm2) next one. A detailed discussion will be shown in
-- ref. [7]. The results in fig. I lead us to the conclu-

220 sion that the UV irradiation enhances the desorp-
C tion of the excess Se molecules and and Se

110 adatoms. In other words, the UV irradiation re-
duces the effective VI/II ratio on the surface. We

, .also tried experiments similar to those fig. 1. in
C_ 64 which the initial surface was the Zn stabilized one

to measure Zn desorption. It is noted that almost
no contribution of the UV light to the enhance-

25 ment of Zn desorption is observed.
The chemical bonds between Se atoms on the

outermost surface and Zn atoms behind are com-
unirradi. posed of sp orbits. UV light irradiation larger

00 than the band gap energy creates free electron-
-40 0 40 80 120 hole pairs. The free holes may be captured by the

Time (sec) electrons in the sp 3 bond, resulting in bonded Se
Fig. t. RHEED specular intensity variations during growth atoms to escape easily from the surface. Experi-
interruption under several UV light levels from 0 to 220 mentally. this can be observed as the reduction of

mW/cm. Experimental conditions were P1. = 1.5 x 10 4 Pa,

P,, = 3.2xlO 4 Pa. T,,h = 300'C , =6 kV and incident the VI/Il ratio, in other words, the reduction of
azimuth of kJt] I 01- the sticking coefficient of Se. In the experiments.
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the photo-irradiation effect is hardly observed for from the vicinal surface, resulting in the degrada-
the Zn surface. This difference in contribution to tion of the surface morphology. It should be noted
Se and to Zn cannot be understood yet. that at this high T,,, no sudden increase of I,1 by

exposing to Zn flux as in fig. I was observed, but
3.2. The UV light irradiation effect on the RHEED Ip gradually decreases. Fig. 2 clearly shows that
oscillation the RHEED oscillation decays faster with increas-

ing UV intensity. The RHEED oscillation is the
The UV irradiation effect during the MBE measure of layer-by-layer growth. The results in

growth was studied also by monitoring the fig. 2, therefore, point out that the UV irradiation
RHEED intensity oscillation of the specular spot. has an unfavorable effect on the layer-by-layer
The results are shown in fig. 2 for several irradia- growth, and rather enhances the possibility of
tion levels. The experiments were performed under three-dimensional growth.
the same flux conditions as those in fig. I at In the present experiment, no change in the
elevated T,. of 400'C. After growing the ZnSe oscillation period is observed within the experi-
buffer layer, the surface was exposed only to the mental accuracy. and also, the initial amplitude of
Zn flux by interrupting the Se flux for 30 s. This the oscillation is almost the same irrespective of
relatively long interruption of the Se flux is neces- the UV light intensity. In the MBE growth of
sarv to obtain a distinct RHEED oscillation. Dur- GaAs, it is well known that no RHEED oscilla-
ing the Se interruption, the Zn terraces on the tion becomes to be observed at higher T.h be-
surface coalesce and/or the ZnSe molecules and cause the growth mechanism changes from the
micro-terraces evaporate, giving rise to a smoother nucleation and growth to the step flow growth [8].
surface. Interruption of Zn flux, on the other The experimental results rule out the occurrence
hand. gives only poor RHEED oscillation. Without of the step flow growth in ZnSe/GaAs. It is also
Zn flux, not only Se but also Zn atoms evaporate noted that the growth rate is kept almost un-

changed in spite of the fact that the UV irradia-
tion enhances the Se desorption.

RHEED Vp=6kV koff1l 0] Se atoms or molecules near the surface will

MBE Se beam MBE Laser combine with Zn atoms forming ZnSe molecules.
growth fntefrupto intensity The epilayer growth may take place with these

(mW/cm 2 ] ZnSe molecules. It seems that the probability of
220 the molecule formation increases by photo-irradia-

tion, because an increased number of Se atoms or
C 110 molecules should exist near the surface, compared

with the unirradiated case. This growth mecha-
64 nism prevents each surface atom or molecule from

migrating, which results in the enhancement of the
three-dimensional growth and in the inferior mor-

25 phology of the grown epilayers [3-51.

unirradi. 3.3. The UV light irradiation effect during the growth

The two effects caused by the UV irradiation
I-4 - 0 2 40 mentioned above are clearly seen in the experi-Tm (20 0 20 40ments shown in fig. 3, where the specular intensi-ties during the conventional MBE and photo-MBE

Fig. 2. RHEED oscillations under UV light irradiation with growths are observed. Experiments were per-
several intensity levels. Experimental conditions were P1.n- g aer
X 10 4 Pa, P = 3.2 x 1( 4 Pa, T,, = 400 *C, V/ = 6 kV and formed under nearly the same flux conditions as

incident azimuth of k,,1l [1101. in fig. 1, i.e.. P,,, = 1.6 x 10 4 Pa, P., = 3.3 X
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RHEED:5kV ko/ll1001 atomic composition on the surface or the surface
stoichiometry depends on the VI/II ratio. If the

- on off surface becomes in Zn-rich condition. IP moves
m MBE F oa -m E - ME toward that of the Zn stabilized surface i.e.. 1,1

.. . .increases, and vice versa. The fact that almost no
increase or only a small amount of decrease of iP

( 0o is observed at T,., = 40 00 C indicates that the UV
irradiation plays a minor role in changing the

VI/Il ratio. That is, the thermally activated de-

CL sorption of Se dominates at high T,. .

(a) T= 350.C The gradual decreases in IP during the photo-
MBE growth reflect the surface roughening due to

0 2 4 6 the enhanced possibility of the three-dimensionalTime (main) growth. At high T, of 400 'C increased prob-

Fig. 3. RHEED specular intensities during conventional and ability of thermally stimulated migration of the
photo-MBE growths for (a) T h =350°C and (b) T = surface atoms will reduce the effect of the photo-
400 C. Experimental conditions are Pzn = 1-6×X 10 "

4 Pa. P,
4~f 0( Exerientl cndtios ae =1.6x 1 Pa ~ induced three-dimensional growth. which results

3.3 x 10 4 Pa. 1', = 5 kV and incident azimuth of k,,1 [1001.
in a slower decay of I,. The recovery of 1,
toward the conventional MBE level after the UV
light is stopped indicates that the surface becomes
smoother again.

10 ' Pa and Tuh = 350 ° C in fig. 3a and T,,h=
4000C in fig. 3b. In these experiments the inci-
dent azimuth of k,,l [100] is utilized, because the
separation between each diffraction spot due to
the bulk crystal is larger than that of k,,11 [110].
which results in better spatial resolution between To study the UV irradiation effect on the MBE
the specular spot and the diffraction spots. The I,P growth of ZnSe/GaAs. the RHEED specular beam
variation in k,,ll [100] becomes qualitatively the intensity variations during the growth and during
same as that in kl1 [110]. because the ,p variation the adsorption and desorption processes of Se
in k,,l1 [110] is very weak. atoms and molecules on the (001) ZnSe surface

At Th = 350' C (fig. 3a). I,P increases im- .ere investigated. The obtained results are as fol-
mediately after the UV irradiation is initiated and lows:
then decreases gradually and tends to saturate (1) UV light affects the bonding between the out-
during the irradiation period. When the UV ermost Se atoms and the Zn atoms behind to
irradiation is stopped. /,P drops with the same unbind the Se atoms, resulting in an increase of
amount of the increase observed at the onset of the desorption rate of Se: in other words, an
the UV irradiation. Thus l,P once drops below the decrease of the effective VI/Il ratio on the surface.
unirradiated intensity level (the dashed line), and Almost no effect on the outermost Zn atoms is
then it returns gradually to the unirradiated inten- observed.
sitv level. At Th =400 0 C (fig. 3b). 1,1 shows (2) The damping of RHEED oscillations is en-
similar behavior to that in fig. 3a. except that no hanced. This result implies that the UV irradiation
steep rise and only a small drop are observed. The rather prevents the surface atoms from migrating.
decay rate of /,P during the photo-irradiation is i.e.. causes three-dimensional growth, which leads
also smaller compared with that in fig. 3a. to inferior surface morphologies of the grown epi-

The steep rise and drop are ascribed to the layers. It still remains an open question why the
increase and decrease in the effective VI/Il ratio epilayers with the worse morphologies show im-
caused by the photo-irradiation, respectively. The proved photoluminescence properties.
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Doping of nitrogen acceptors into ZnSe using a radical beam
during MBE growth

K. Ohkawa. T. Karasawa and T. Mitsuyu
Central Research Laboratories, Matsushita Electric Ind Co.. Ltd. Moriguchi, Osaka 570. Japan

A new method of doping for ZnSe was attempted by using a neutral radical beam during the MBE growth. The radical beam
dominantly consisted of N, molecular radicals at A3 state. The sticking coefficient of nitrogen was remarkably enhanced: thus
this doping method was able to incorporate N into ZnSe by 101 cm -. The existence of shallow N acceptors was confirmed by
photolumnnescence measurements: recombination of free electrons and acceptor holes (FA) at room temperature and recombination
of donor-acceptor pairs at low-temperature were observed. The FA emission was observed only for ZnSe layers with moderate
doping level. which shows p-type conduction. The carrier concentration was the order of 101' cm 1. The activation of N in ZnSe was
less than 1'.

1. Introduction Considering this result, we have attempted a
new doping method using a neutral radical beam

It is difficult to control the electrical conduc- during the MBE growth. The kinetic energy of the
tion in wide band-gap Il-VI semiconductors such radical beam is the order of the thermal energy.
as ZnSe and ZnS. High-quality n-type ZnSe with Then we can expect that by this method one can
carrier concentration up to 10 1 cm has been dope with low damage.
successfully controlled by Cl-doping in molecular In this paper. we describe the energy states of
beam epitaxial (MBE) growth [1]. On the contrary, the radicals and the characterization of the N-
many attempts in the MBE process were made to doped ZnSe lavers with various N concentrations.
incorporate shallow acceptors in ZnSe to realize The results of Hall measurements are also de-
low-resistivity p-type conduction [2-5]. It is ex- scribed.
tremely difficult to grow p-type ZnSe with high
carrier concentration like the n-type ZnSe. Nitro-
gen is the most promising element as a p-type 2. Experimental procedure
dopant [6]. Doping of N in MBE process is very
difficult, because of the low sticking coefficient of The substrates used were undoped semi-insulat-
N, and NH, neutral molecules. In previous work. ing GaAs wafers with (100) orientation. The sub-
we attempted ion doping with high-purity N - or strate was treated in an ordinary cleaning process
N,* ion beam during the MBE growth of ZnSe to [1]. Source materials are elemental Zn. Se and N.
enhance the sticking coefficient of nitrogen [7]. or NH, gas for the nitrogen radical beam. The
The N-doped ZnSe layers grown by this method substrate was irradiated with Zn, Se and the
exhibited good low-temperature photolumines- nitrogen-radical beams simultaneously. The sub-
cencc (PL) spectra: a dominant acceptor-bound strate temperature during the growth was 3250C.
exciton line (1,) and well-suppressed other emis- The beam flux ratio (J,,/J,,) was usually kept at
sions. However. the electrical properties of the about 1. The layer thickness was 1.5-4 rem. The
sample exhibited high resistivity. The crystallinity background pressure was about I x 10 " Torr.
was degraded by ion damage under heavy doping but the pressure at the radical beam operation was
condition attempting to realize p-type conduction, of the order of 10 ' Torr.

0022-0249/91/$03.50 ' 1991 - Elsevier science Publishers R.V. (North-Holland)
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The PL properties were measured at 12 K or It was confirmed by mass spectroscopy analysis
room temperature. The excitation was the 325 nm that NH,, (n = 0, 1. 2, 3) molecules were not ob-
line from a Hc-Cd laser. The excitation power served in the MBE chamber at the radical beam
density was as low as 0.1 W/cm2 . operation using NH 3 gas. Considering the lifetime

of each state [8,9], the N, radicals from the beam
source would be the A32:. state.

3. Characteristics of nitrogen radical beam We evaluated the vibrational temperature of
the N, radicals to be about 4500 K from the

The radical beam source (Oxford Applied Re- second positive emission bands of the spectra. It is
search) was mounted in the MBE chamber, The natural to estimate its rotational temperature from
beam source operated by means of an electrical classical equipartion of energy to be of same value
discharge created from inductively-coupled RF ex- of kinetic energy. The kinetic energy equals the
citation at 13.56 MHz. temperature around 1100 K of the RF discharge

We measured optical emission spectra of the N, cell, as the pressure in the cell would be about 50
and NH 3 plasma from 220-700 nm. The second mTorr. These thermal energies are fairly weak
(CT7L -,Bflg) and the first B-11 -., A- 3 2) compared with the ion energy of about 100 eV in
positive emission hands of the N, molecules were our previous work [7].
observed, but the N atomic lines and the N ' ionic
lines were not observed in the spectra. Strong H
atomic lines were observed in the spectrum of the 4. Results and discussion
NH, plasma. The spectra indicate that the nitro-
gen radicals consist of metastable N, molecules in Fig. la shows a typical PL spectrum of an
the case of both the N, and the NH, gas sources. undoped ZnSe layer at 12 K. It is found that the

DAP
ZnSe/GaAs

12 K

(c) N 2 radical beam
x 1

I- VA DAP (b) N 2 beam(RF:OFF)

W Exx 20

a. l (a) Undoped

x20 x

440 450 500 550 600

WAVELENGTH (nm)
Fig. I. 12 K PL spectra obtained from (a) undoped ZnSe. (b) lightly N-doped ZnSe grown by irradiation of N. beam and (c)

N-doped ZnSe IN} = 2.2 x l0" cm ')grown by using a radical beam source.
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undoped ZnSe layer exhibits a dominant free exci-
ton peak (E) at 2.801 eV, well suppressed donor- ZnSe:N
bound exciton lines (12) at 2.798 and 2.796 eV, A-A 12 K
and a Y line at 2.602 eV, indicating that a high- R
quality crystal with low donor and acceptor im- A

purities is obtained.
Iightly N-doped ZnSe layers were grown by < 106

irradiation of the N, gas beam from the radical a

beam source without RF power. The background 0 
pressure of the MBE chamber was about 2 x 10-5 >.

Torr. The PL spectrum of the sample is shown in Az
fig. lb. This PL spectrum was almost the same as z

that of the undoped ZnSe shown in fig. Ia except
for the weak 1, lines at 2.792 and 2.790 eV. .j
radiative recombination of free electrons and 0.

acceptor holes (FA) at 2.711 eV and radiative 10 , I
recombination of donor-acceptor pair (DAP) at 1018 1019
2.696 eV. This result indicates the low sticking
coefficient of the unexcited nitrogen. N CONCENTRATION (cm -

3)

Strong DAP emission at 2.681 eV was observed Fig. 2 Peak intensit, of )AP emission from N-doped ZnSe

in N-doped ZnSe layers grown by using the N. laers at various N concentrations.

radical beam as shown in fig. Ic. in spite of the
same N. flow level with the above N. beam
,Aithout RF power. The I line was very weak. of
the order of 10 -. compared with intensity of the signal levels of K an Na were as low as the
DAP emission, and deep-level emission was not undoped ZnSe layer which showed a high-purity
observed except for the case of the NH gas for PL spectrum in fig. Ia. and these concentration
the radical beam source. The deep-level emission were less than I0C cm ' In addition, the N
was observed at around 2.15 eV. We suppose that concentration decreased in higher beam flux ratio
hydrogen is responsible for the deep level. This J,.iJ,,,. From these results, it is believable that the
strong DAP emission indicates that the N, radi- acceptors in the doped layers have actually
cals at the A-v state have a higher sticking originated from N. A steplike profile of the N
coefficient than N. at the ground state and the concentration was observed clearly, which well
radicals are doped into ZnSe as a shallow accep- coincided with the structure of the sample. i.e..
tor. One of the reasons for the enhancement of the N-doped/undoped/GaAs. It was found that the
N doping Aould be due to a decrease of the diffusion of N in ZnSe at the growth conditions
dissociation energy. namely, the dissociation en- (3250C, 4 h) was less than 0.1 tm. The diffusion
ergy of the N. molecules at the ground state is 9.9 of N is very slight compared with that of Li [10].
eV. but that of the N, radical at the Av state is which is the typical dopant for p-type conduction.
3.9 eV. Furthermore, the radical has thermal en- Peak intensity of DAP emission depends on the
ergy (kinetic. rotational and vibrational energy) of N concentration, as shown in fig. 2. The maximum
about 0.6 eV. N concentration attained about I x 10

' cm . It
We have carried out secondary ion mass spec- is found that the DAP peak intensity decreases

troscopy (SIMS) analysis of N-doped ZnSe layers. with an increase of the N concentration, indicat-
and evaluated the N concentration using SeN ing that non-radiative centers are induced by the
secondary ions. The best detection limit was 3 x doping. Although the N concentration depended
1017 cm 3 Other acceptor impurities. K and Na. on various parameters. there is a tendency that a
were detected in the N-doped ZnSe layers. The lower pressure of the discharge cell causes higher
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N concentration. It means that the N, radicals The PL spectra of p-type ([N] = 2.2 x 10"
were quenched by collisions with other molecules. cm -3, p(300K) = 4.4 x 10"5 cm- 3), n-type (Cl-

ZnSe with high N concentration around I x doped. n(300K) = 6.7 x 10"6 cm --) and high-re-
,ol cm - - was still single crystal in this radical sistivity (undoped) ZnSe layers at room tempera-
doping technique. This is a remarkable improve- ture are shown in fig. 3. The dominant peak at
ment on our previous work [7]: ZnSe layers grown 2.687 eV in each sample is an emission due to
by ion doping technique were polycrystal even for recombination of donor electrons and free holes in
N concentration of 2 x 10's cm- . the valence band (DF). A peak at 2.616 eV was

Electrical properties of the N-doped ZnSe layers observed only for the p-type ZnSe. A similar peak
were measured with the Van der Pauw method. was observed in the p-type Li-doped ZnSe [11].
Most samples exhibited high resistivity. The sam- This is 2.616 eV peak would be recombination of
pie with the N concentration of 2.2 x 10' cm - ' free electrons in the conduction band an acceptor
showed p-type conduction at room temperature. holes (FA). These DF and FA peak energies can
The hole concentration is 4.4 X 1015 cm -3 thus be calculated from the equations hwF = Ee - E[)
activation of N in ZnSe is as low as 0.2%. The + 3.5 meV, ha(. = E9 - EA + 'kT, where E,)
Hall mobility is 86 cm 2/V s. More heavily-doped and E. are the donor and acceptor ionization
layers ([N] 4 X 10's cm- 3) did not exhibit p-type energies. respectively [12]. Inserting E, = 2.715 eV
conduction. Considering the abrupt decrease of [13], E, and EA are estimated to be 31 and 112
the DAP peak intensity around [NJ 3 101' MeV. respectively. These E) and EA, are in good
cm 3 in fig. 2. the nonradiative centers which agreement with the values for C1 donors and N
relate with carrier traps would be created by over- acceptors determined by optical measurements
doping. [14.15].

5. Conclusion

DF ZnSe/GaAs We have grown N-doped ZnSe layers by MBE
using the radical beam source. Dominant radicals

RT created by RF discharge were N molecular radi-

cals at the A-X state. This new method was able
to incorporate N around I x 101 cm 3 with low
damage. The FA peak was observed in room tem-

FA perature PL measurement only for N-doped ZnSe
>- with p-type conduction. The carrier concentration

w- 1\ I -type was 4.4 x 10" cm . Activation of N doped in
Z ZnSe was as low as 0.2%. More work will he
wu

needed to enhance the activation of N. The over-
doped layers showed high resistivity: thus the non-

(L oradiative centers would he created by the overdop-
ing. N atoms in ZnSe scarcely diffuse ( < 0.1 pm)

0(c) hgh p under our growth conditions.
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(ZnSe) ,,-(ZnTe),, short-period strained layer superlattices prepared
by atomic layer epitaxy
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iZnSe),,,-(ZnTe),, short-period strained layer superlattices (SLSs) were grown by atomic layer epitaxy using the molecular beam
epitax% technique. Transmission electron microscopy. X-ray diffraction and Raman scattering measurements were carried out to
evaluate the grown SLSs. It was proved that the atomic layer epitaxy enabled growth of fine short-period superlattice structures
which have abrupt interfaces with at most one-monolayer steps.

1. Introduction 2. Experiments

Wide-bandgap I1-VI compound semiconduc- The conventional molecular beam epitaxy
tors. especially ZnS, ZnSe and ZnTe, are materialstpromiespcially nor vini e andh nrem n eils A (MBE) system with solid sources was used for the
promising for visible light emitting devices. A ALE growth. Three K-cells contained elemental
combination of Zn~e and ZnTe in the form of Zn, Se and Te, and a shutter above each cell was
strained layer superlattices (SLSs) provides poten- manipulated with a stepping motor controlled by
tially attractive features: a wide range of modula- a n pu t a s tepi o o n d
tion in the band gap energy from 1.9 to 2.4 eV [1] chalcogens were alternatingly opened and closed
and realization of amphoteric conduction doping for 7 s with an interval of s. The ideal ALE
a2. The atomic layer epitaxy (ALE) has become growth, i.e., one-monolayer growth per cycle, was
attractive as a new technique to grow 11-VI com- achieved in the substrate temperature range of
pound semiconductors [3,4] and strained layer su- 250-350'C for ZnSe 181. As for ZnTe, high inten-
perlattices (SLSs) with large strain [5-7]. We have of e [ As or ontei highalready reported successful growth and characteri- sity of the Te beam is required to obtain a growth

rate of one monolayer per cycle but degrades its
zation of ZnSe and ZnTe films [81, and pre- surface morphology with hillocks, which may con-
liminary results of ZnSe-ZnTe SLSs [9] by ALE. sisted of Te precipitates. In order to obtain high-
In this paper, growth and characterization of the quality ZnTe films. we employed low intensity of
short-period SLSs are presented in detail. the Te beam [10]. Under this condition, the growth

rate per cycle is less than one monolayer and
depends on substrate temperature. With alternat-

• Permanent address: Department of Metallurgy. Tokyo In- ing supply of Zn and Te, ZnTe films with good
stitute of Technology, 2-12-1 Ookayama. Meguro-ku, Tokyo surface morphology were grown at 250'C. This
152. Japan. temperature is also suitable for the ALE of ZnSe.

0022-0248/91/SO3.50 ' 1991 - Elsevier Science Publishers B.V. (North-Holland)
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(ZnSe),,-(ZnTe),, (m, n = 1-4) short-period
SLSs were grown on (100) InP substrates. The
substrates were chemically etched by a solution of
HSO4, H , , and H20. Before the growth, ther-
mal treatment was carried out at 450*C for 15
min without molecular beams. Then a few mono-
layers of ZnSe and ZnTe were alternatingly grown
without buffer layers. The substrate temperature
was 250 'C which is 700C lower than that used
for the conventional MBE. The growth rates were
exactly one monolayer per cycle for ZnSe and 0.5
monolayer per cycle for ZnTe. Therefore, one
monolayer of ZnTe was grown with two cycles of
the supply sequence. The total film thickness was
1500-2500 A.

3. Results and discussion

3.1. TEM study

Transmission electron microscopy (TEM) was
performed to investigate the SLS structures. Fig. I
shows the transmission electron diffraction pat-
tern of the (ZnSe),-(ZiTe) SLS for the [010]
electron beam incidence. The satellite spots (from
the 0th to the third) along the [100] direction are Fig. 1. Transmission electron diffraction pattern of the
clearl obsered, which) londithes a1 fin spe- (ZnSe), -(ZnTe)I SLS for the 1010] electron beam incidence.clearly observed, which indicates a fine super-

lattice structure. The diffraction pattern also in-
cludes that from the lnP substrate, and the dif- But for the facts that the (ZnSe)2-(ZnTe), SLS
fraction spots for InP coincide with those for the involves 7% lattice mismatch and was heteroepi-
SLSs. This suggests that the lattice constant of the taxially grown on InP substrate, the TEM micro-
SLS along the growth direction is equal to that of graph shows presence of a fine superlattice struc-
lnP. Since the lattice constant of InP is an average ture which has an abrupt interface with at most
of those of ZnSe and ZnTe, it can be said that the one-monolayer steps.
numbers of monolayers in each ZnSe and ZnTe Fig. 3 shows a high-resolution TEM image of
layer were the same. The lattice-match with the the (ZnSe)3-(ZnTe) 3 SLS for the [011] electron
substrate is also seen in X-ray diffraction, as will beam incidence. Alternating layers of ZnSe and
be mentioned later. ZnTe were observed after a few periods. The

Fig. 2 shows the dark field image of the numbers of monolayers in each ZnSe and ZnTe
(ZnSe),-(ZnTe)2 SLS for the 200 diffraction layer are estimated to be 3 on average. In the
beam. High-contrast stripes, which consist of a image, bright and dark stripes correspond to ZnSe
dark stripe for ZnSe and a bright stripe for ZnTe, and ZnTe layers, respectively. Interfaces of ZnTe
are clearly observed. Abruptness and flatness of on ZnSe appear to be smoother than those of
the interfaces are not as good as those for the ZnSe on ZnTe. This difference may be due to that
(GaAs) 2-(AIAs) 2 superlattice grown by metalor- ZnSe layer was grown by ALE but that ZnTe
ganic chemical vapour epitaxy [11] or the layer was not. The poor uniformity in thickness of
(GaAs) 4-(AIAs) 4 superlattice grown by MBE [12]. the ZnTe layer was already discussed in terms of
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the photoluminescence spet-trum of the (ZnSe),
(ZnTe), monolayer superlattice [9.13]. Disloca-
tions observed in fig. 3 and stacking faults ob-
served in the dark field image may have been
caused by residual oxide on lnP.

3.2. X-ray diffraction measurements

Fig. 4 shows the conventional X-ray diffraction
patterns of the (ZnSe),,-(ZnTe),, (n = 2. 3, 4) SLSs.
As observed by TEM, the lattice constants of the

- SLSs along the growth direction are equal to that
of InP. In the X-ray diffraction, the lattice-match
with substrate is confirmed by coincidence of the
diffraction angle for the 0th satellite from the SLS
with that of lnP. as shown in fig. 4. The figure
also shows the theoretical angles and intensities of
the satellites. It was found that the actual numbers
of ZnSe and ZnTe monolayers were equal to the

I designed numbers for all the samples. Poor uni-
formity in thickness of the ZnTe layer as men-
tioned in the TEM analysis causes a slight dif-

Fig. 2. Dark field TEM image of the (ZnSe) 2 -(ZnTe) 2 SLS for ference between experimental and theoretical an-
the 200 diffraction beam. gles in the diffraction pattern.

iSLS

Fig. 3. High-resolution TEM image of the (ZnSe)3-(ZnTe), SLS for the [0111 electron beam incidence.
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(4,4) . nP sub. (ZnSe) -(ZnTe) SLS

cal,

ZnTe ZnSe

(7 m, n) (4,2)

z

z

(2.2) (4,4

200 250 300

RAMAN SHIFT (cm- 1 )
Fig. 5. Ramian spectra of the (ZnSe) 4 -(ZnTe), and the

(ZflSe),-(ZflTe)4 SLSs.

50 75
DIFFRACTION ANGLE 26(DEG) SLS structures with various laver thickness were

Fig. 4. X-ra\ diffraction patterns of the (ZnSef,, -(ZnTe),, SLSS theoretically estimated, assuming the free standing
configuration [14]. An effect of a short periodicity

on the phonon frequency was not taken into

J Rman cattrin meauremntsaccount. The parameters used in the calculation
3.3.Romn .vaneln~'meauremntsare adopted from ref. [1 5].As shown in fig. 6.

Raman scattering measurements were per-I
formed at room temperature in the backscattering (ZnSe)m n
arrangement along the [100] direction with the
Ar-ion laser line (5145 A). In the Raman spectra.fresadn
the wave number oif the LO phonon is shifted 7 2re50ndn
from the hulk value by strain. As shown in fig. 5.E
the spectra consist of two peaks of lorentzians: the F
lower-energ~r peak associated with the LO phonon Mo
of ZnTe and the higher-energy peak associated z 240
wkith the LO phonon of ZnSe. Arrows in the figure<
showk wave numbers of the LO phonons for bulk C
ZnSe and ZnTe. The (ZnSe)4 -(ZnTe) 4 SLS is 0
lattice-matched with the lnP substrate and the 230
ZnSe and ZnTe layers accommodate the same N 7
amount of strain, which is seen in the Raman
spectrum. showing the same amount of shifts from
the values for bulk ZnSe and ZnTe. The spectrum 220
of the (ZnSe),-(ZnTe), SLS shows that the 0 0.5 1.0
amount of shift of the ZnSe-LO from its bulk n/(rn+n)
value is smaller than that of the ZnTe-LO. The Fig. 6. Rarnan shift of ZnSe-I.0 phonon in (ZnSel, -(I n Fe),
wave number of the LO phonon for ZnSc in the SLS,.
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experimental results well agree with the theoretical Control, The Ministry of Education, Science and
calculation, the assumptions that the SLSs studied Culture, No. 491940111653.
here were in the free standing configuration, and
that lattice mismatch between two materials were
completely relaxed by strain, are found valid. References
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Determination of refractive index and study of absorption in wide gap
II-VI semiconductor superlattices
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The refractive indicies of ZnSe-ZnTe and ZnSe-ZnS strained-layer superlattices (SLSs) were determined by double-beam
reflectance measurements at 300 K. A discontinuity was found in the index spectra at about the energy equal to the transition energy
E(e-h) between n = I confined electron and hole levels. Large difference was found between the indices of the SLSs and those of the
compositional bulk materials. Using the effective infinite-well model within effective mass approximation and taking into account the
large strain effect, we also calculated the shifts of the exciton peaks with applied electric fields for ZnSe-ZnS multiple quantum wells
I MQWs).

1. Introduction calculation of the shifts of the exciton peaks with
applied electric field for ZnSe-ZnS is presented in

Zinc-chalcogenides have generated a great deal section 3.
of interest in the optoelectronics arena because of
their direct wide band gaps. high electro-optic
coefficients, wide range of transmission and con-
tinuously adjustable refractive indices of trinary 2. Refractive indices of ZnSe-ZnTe and ZnSe-
alloys. Strained-layer superlattices (SLSs) com- ZnS SLSs

posed of alternate layers of these lattice-mis-
matched materials have been thought to be par- For optoelectronic device designing, the refrac-
ticularly promising for producing blue light emit- tive index is a very important parameter. Suzuki
ting diodes (LEDs). tunable color LEDs and short and Okamoto [91 have measured the refractive
wavelength semiconductor lasers. index of GaAs-AlAs superlattices. Kahen and

High quality ZnSe-ZnTe. ZnSe-ZnS and Leburton [10] reported a study on the optical
ZnTe-ZnS SLSs have been grown by MBE [1,21. properties such as the dielectric constant and the
MOCVD [3]. MOMBE [4]. etc. Structural and GaAs-AlAs superlattice index. But, to the authors*
optical properties such as X-ray diffraction [2-4]. knowledge, there are no reports on the measure-
photoluminescence [1,3-5], Raman spectra [6.7] ments of the refractive indices of ZnSe-ZnTe and
and bistability [8] have been studied by various ZnSe-ZnS SLSs. We report here. for the first
groups. time, the determination of the indices of ZnSe-

In this paper. we report our measurements of ZnTe and ZnSe-ZnS SLSs using double-beam
the refractive indices of ZnSe-ZnTe and ZnSe- reflectance measurement, which compare the re-
ZnS SLSs using double-beam reflectance [91. A flectance of the sample with that of a mirror of

(X)22-t248/9l/$03.50 1991 - Elsevier Science Publishers B.V. (North-Holland)
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known reflectance (a aluminium-glass interface). .0

The reflective spectra were measured using an
infrared reflective spectrometer. 2.8

The SLSs were grown by MBE techniques on nS
(100) GaAs substrates at 320'C with ZnSe as 2.6"

buffer layers. The samples were unintentionally - -
doped. The crystal qualities were examined by in
situ reflection high energy electron diffraction 2
(RHEED). X-ray diffraction measurements, com- cc
bined with the growth rates of monolayers, de- 2.2 -

termined by RHEED oscillation periods, have 1 3
been used to determine the thicknesses of individ- 2 0 _- .. .
ual layers. The transition energy EI(e-h) between 400 600 800 /000

n = I confined electron and hole levels was de- WAVELENGTH (nm)
termined by photoluminescence measurements. Fig. 1. The refractive index dispersion curves for ZnSe-ZnTe

The superlattice layer can be regarded as a and ZnSe-ZnS SLSs: (1) ZnSe-ZnTe 62 A. 46 A); (2) ZnSe-

Fabrv-P~rot etalon sandwiched between the air ZnTe (59 A, 39 A): (3) ZnSe-ZnS (29 A. 26 A). The dashed

= 1) and the layer of the buffer combining lines show the indices of bulk ZnSe and ZnS.

with the substrate (n, the effective index of the
buffer and the substrate). In the reflectance-wave- ity cannot be found in the index curves of bulk
length chart, the interference ripple can be seen in ZnS and ZnSe materials.
the region where the photon energy is below the Kahen and Leburton reported that the dif-
band gap and thus the optical absorption in the ference between the refractive indices of a GaAs-
epilayer is negligible. Using the following rela- AIGaAs superlattice and those of its correspond-
tions: ing AIGaAs alloy can be as large as 20%. Our

results show that the difference between the in-
n, - n- dices of the SLSs and those of their compositional

R materials are even much larger. This may result
from the elastic strain caused by the large lattice

I omismatch, which shifts the quantized levels for a
m = odd for d = r4-n . (1) few hundred meV.

It. + 3. Electroabsorption in ZnSe-ZnS MQWs

III even for D = m -,-. (2) The confinement of carriers in quantum well
structures causes phenomena remarkably different

we can obtain the n - X curve, where n is the from those of bulk materials. When an external
refractive index of the SLSs, and R and R' are electric field is applied perpendicular to the quan-
the reflectance minima and maxima. turn well layers, the exciton absorption peaks will

From eq. (2) we can obtain relation between n. shift significantly to lower energies. This behavior
and A. From n, - A curve, combined with eq. (1). was first observed by Miller et al. [11] in GaAs-
we can determine the index of SLSs. n for differ- GaAIAs MQWs, and was called the quantum-con-
ent wavelength X. fined Stark effect (QCSE). A detailed explanation

Fig. I shows the refractive indices of ZnTe- of this phenomenon was given in ref. [12]. Based
ZnSe and ZnSe-ZnS SLSs as a function of wave- on QCSE, various kinds of devices such as mod-
length. We can see that a jump occurs at about the ulators and switches have been fabricated. The
photon energy equal to E,(e-h). This discontinu- electroabsorption in inGaAs-inP, lnGaAs-GaAs.
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InGaAs-lnAlAs and GaSb-A1GaSb MQWs was /00 _. . . .

also demonstrated.
In ZnSe-ZnS MQWs, the strain-induced effect 80-h

due to large lattice mismatch plays a very im-
portant role. The strain distorts the lattice cube CU60 e
into a tetragonal shape. The lattices constant al E

parallel to the plane of the interface can be ex- >_

pressed by [13,14]:4

al -+ aznSeGznsehznse h-hal- GZnshzns + Gznsehznse (3) 20-

G, = 2(C', + 2C 2 )(1 + C;2/Cl), (4) 0 a
0 2 4 6 8 /O

where a is the unstrained lattice constant, h the ELECTRIC FIELD (105 V/cm)
individual layer thickness and C,, the elastic con-
stant. The strain tensor element c in the ZnSe 3.14layer is r
f- = (a"- aznst)/azse. (5) 3.08 -h.

The shifts of both the heavy-hole and the light- 0
hole energy level are given by [15]:

AEHH = 2aSex, - bS'c ,. (6) 2.96

AELH = 2aS,, + bS't,, - 2b2(S' ) 2E2/A, (7) h-h
Sit + 2S12 S' S11 - S12 2.90

Ss =s 1  2 , (8) t

where A = 0.43 eV is the spin-orbit coupling, S, 0 2 4 6 8 10
= 21.1 (T Pa) - ' and S12 = -7.8 (T Pa) - 1 are the ELECTRIC FIELD (105 V/cm)
elastic compliance constants, a= - 5.4 and b= Fig. 2. (a) Energies of the first electron, heavy-hole and light-
- 1.2 [161 are the deformation potentials. Using hole states with applied perpendicular electric field: (b) posi-
the parameters given in table 1, we obtained tion of the exciton peaks with applied perpendicular field. All
AEHH = 57 meV and AELH = 200 meV. the results are obtained for the ZnSe-ZnS MQWs with

Using the effective infinite-well model [12] L.(ZnSe) = 20 A and L ,(ZnS) = 50 A.
within effective mass approximation, we calculate
the energy shifts with field for electron, heavy-
and light-hole states, as shown in fig. 2a. The peaks with field are presented in fig. 2b. In the
strain-induced shifts have been added to heavy- calculation, effective masses of 0.16m 0. 0.78m 0

and light-hole energy. The shifts of the exciton and 0.15m 0 are used for electron, heavy- and
light-hole, respectively.

because of the relatively narrow well width of

Table I ZnSe-ZnS MQWs compare to that of GaAs-
Parameters used in this study GaAIAs MQWs, the ground state energy in ZnSe

well will be higher and a larger field must be
h a) (, C 2  applied to the ZnSe-ZnS MQWs to produce the
(A)2 (A)7 81dn ) 4.9d ) same shift as in GaAs-GaAIAs MQWs.

ZnSe 20 5.6676 8.1 6.5 Experiment for electroabsorption measurement
in ZnSe-ZnS MQWs is in progress. A p-i-n
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The study of phonons and lattice strains in ZnSe-ZnTe and ZnS-ZnSe
strained-layer superlattices by Raman and far-infrared
reflectivity spectra

Jie Cui, Hailong Wang, Fuxi Gan
Shanghai Institute of Optics and Fine Mechanics. Academia Sinica. P.O. Box 800-216. Shanghai 2018(). People's Rep. of China

and

Aizhen Li
Shanghai Institute of Metallurgy. Academia Sinica. 865 Chang Ning Road Shanghai 200050. People's Rep. of C"hina

We have observed, for the first time, the confined LO, phonon modes in the ZnSe layer of the ZnSe-ZnTe strained-laver
superlattice (SLS) and the folded longitudinal acoustic (LA) phonon modes in the ZnS-ZnSe SLS by off-resonance Raman scattering
at room temperature. 1 he relation between LO mode shifts and the superlattice structure parameters has been determined for the

ZnSe-ZnTe SLS. We conclude that the critical thickness for the ZnSe-ZnTe SLS is about 40 A. We have calculated the red shifts of
LO phonon frequencies due to confinement and the shifts induced by the elastic strains, which are much larger than the red shifts

due to confinement. The blue shifts induced by tensile strain in the ZnSe layer and the red shifts induced by compressive strain in the
ZnTe layer made the confined LO modes in two individual layers overlap. Therefore, the folded LO mode had been observed in the
ZnSe-ZnTe SLS. We have also studied the transverse optical (TO) phonon modes in the two SLS systems by means of far-infrared

reflectivity spectra. ZnSe layers are under different stress in the two SLS systems.

I. Introduction In addition to the effects mentioned above, for
a strained-layer superlattice (SLS), one has to con-

The vibrational properties of semiconductor su- sider the effects of elastic strains induced by lattice
perlattices have been given considerable attention mismatch on the phonon frequencies. This is par-
recently [1]. For modes with the wave vectors ticularly important for the 1I-VI wide gap corn-
perpendicular to the layers (the z direction), folded pounds ZnSe. ZnTe and ZnS because of the large
and confined phonons have been identified. The lattice mismatch between the individual layers.
folded modes propagate through the entire super- The elastic strain caused by lattice mismatch in-
lattice. These modes fall in the frequency region fluences the growth habits of the epitaxial layers
for which a substantial overlap exists in the pho- and plays a major role in determining the final
non density of states of the bulk materials that values of the parameters such as forbidden gaps.
form the superlattice. One of these regions com- band offsets, subband level shifts and carrier mo-
prises the acoustical frequencies. On the other bilities. There are two kinds of growth described
hand, the confined modes are localized in one of as pseudomorphic (or commensurate) and free-
the layers of the superlattice, which have frequen- standing. In the pseudomorphic growth, the in-
cies in the optical spectral range. For the modes place lattice constants of the individual strained
that propagate with the wave vector parallel to the layers are equal. All of the lattice mismatch is
layer surfaces (the x. y directions), the so-called accommodated by layer strains without the gener-
interface modes arise. ation of misfit dislocations if the individual layers

0022-0248/91/$03.50 ! 1991 - Elsevier Science Publishers B.V. (North-Holland)
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are below the critical thicknesses for dislocation and far-infrared reflectivity spectra [11] provide
generation. High crystalline quality will not gener- powerful techniques for the study of crystalline
ally be obtainable if the layer thicknesses exceed quality and especially strain fields of SLSs. By
the critical thickness values. The free-standing measuring phonon frequencies and their shifts, we
structure would be expected to minimize the elas- can determine the strength of the strains in super-
tic strain energy by distributing the layer strains lattice layers. In this paper, we report the strain
among the two types of SLS layers according to effect on the phonon modes and the critical thick-
the thicknesses and the elastic properties to bal- ness of individual layers in a ZnSe-ZnTe SLS,
ance the misfit dislocation energies. since the re- and we also show the far-infrared reflectivity spec-
suiting in-plane lattice constant of the free-stand- trum of TO modes in the ZnS-ZnSe SLS, which
ing SLS does not correspond to either layer. are forbidden in Raman spectra in a backscatter-

Various experimental and theoretical studies ing geometry.
have been carried out on the phonon modes of
IlI-V compounds semiconductor superlattices and
II-VI strained layer superlattices. Olego et al. 2. Experiments
have reported the confined LO modes in the ZnSe
layer of the ZnSe-ZnS, Set_, SLS with resonant In the experiments, we use two ZnS-ZnSe and
Raman scattering at low temperatures [2]. five ZnSe-ZnTe samples, which were grown at
Menendeg et al. [3] obtained the confined LO.e 320'C by MBE. X-ray diffraction measurements
modes in the ZnTe and CdTe layers of the combined with the growth rates of monolayers
CdTe-ZnTe SLS with the near resonance Raman determined by RHEED oscillation periods, has
scattering at 10 K. We report. for the first time, been used to determine the thicknesses of individ-
the confined LO, modes of the ZnSe-ZnTe SLS; ual layers. The main parameters of these samples
the measurements were performed at room tem- are listed in table 1.
peratures and under off-resonance conditions. The Raman spectra were excited in a back-
There are some reports on folded LA phonons in scattering geometry with the 488 nm line of an
ZnSe-ZnTe and ZnSe-Zn,_,MnSe SLS [4.5]. Ar' ion laser, the laser power on the sample was
We report here folded LA phonons in the ZnS- 70-100 mW. for details, see ref. [121.
ZnSe SLS. for the first time. The far-infrared reflection measurements were

There are a lot of studies on strain in the SLS. performed at near-normal incidence at 300 K using
for a brief review, see ref. [6]. The major questions a Fourier spectrometer. the resolution is 2 cm-
are the critical thickness [7], the effects of strains
on the electronic properties [8] and band offsets
[9]. and the relationship between strain and the 3. Results and discussion
SLS structure parameters [101. Raman scattering

3.1. Confined LO,, modes in ZnSe-ZnTe SLS

Table 1 Fig. I shows the Raman spectrum from the
Parameters of samples used in present experiments ZnSe-ZnTe sample ST-3. Six confined LO,,, pho-

Sample dz~s d27. dZflT. N Buffer Substrate non modes in the ZnSe layers have been observed.
(A) (A) (A) We have calculated the confined phonon frequen-

SS-1 26 29 150 ZnS GaAs cies by considenng the red shifts due to confine-
SS-2 12 12 100 ZnSe GaAs ment and the shifts induced by elastic strain.
ST-3 27 29 100 InP Table 2 lists the calculated and measured frequen-
ST-4 10 11 200 InP cies of the confined LO. modes in the ZnSe layer.
ST-5 41 39 25 InP We use the methods described in ref. [2] to calcu-
ST-6 59 63 25 InP late the red shifts of confined modes in the ab-
ST-7 98 102 21 InP____________________________________ sence of strain using the dispersion curves of
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Fig. 1. Confined LO,,, phonon modes in ZnSe layer of the -

ZnSe-ZnTe SLS sample ST-3. LT, is confined LO mode in 0 30 60 90 120
ZnTe layer, the F peak is attributed to folded LO mode and
the ? band to interface vibration or delocalized optical phonon. RAMAN SHIFT(cm- )

x = (110), y = (110) and z = (001). Fig. 2. Low-frequency region Raman spectrum for the ZnS-

ZnSe SLS sample SS-1, which shows three folded LA doublets.

The inset is the calculated dispersion curve using the sound

phonons of ZnSe and ZnTe given in refs. [13,141. velocities and bulk densities listed in ref. 1161, without consid-

The shifts induced by strain [15] were calculated ering the strain effect; (*) experimental q values.

using the parameters in ref. [161. The lattice con-
stants of ZnSe and ZnTe are 5.6687 and 6.104 A, cm - (for m = I mode). Thus the two groups of
respectively. The lattice is as large as 7.3%. which phonon dispersion curves under the strain field
is the source of tensile strain in the ZnSe layers would overlap in the region about 210-220 cm-t.
and compressive strain in the ZnTe layers in the Therefore, an overlap exists between the ZnTe-like
(100) plane. The tensile strain induces the red LO mode and the confined LO, modes in ZnSe
shifts, 6.5 cm- , of the confined LO. frequencies layers with m > 7. The mode labeled by F must be
in the ZnSe layer, and it is much larger than the identified as due to scattering by the folded LO
red shift due to confinement, 0.5 cm -' (for m = I mode, and our calculations show that the
mode). The compressive strain in the ZnTe layer frequency of mode F is equal to the m = 8 con-
induces a blue shift as large as 15 cm- 1 which is fined LO, mode in the ZnSe slab and the m = 4
greater than the red shift due to confinement. 0.3 confined L0 4 mode in the ZnTe slab. The fre-

quencies of two modes which have the same sym-

Table 2 metry of A, are in the overlapping range and the

Measured and calculated frequencies of confined LO,. modes modes can propagate throughout the entire super-
in ZnSe layer lattice. The mode labeled by the question mark

would be an interface mode or a delocalized mode.
(cm - ) ,(cm'-i) 3.2. Folded LA modes in ZnS-ZnSe SLS

1 246 246
2 244 244.5
3 242.5 242.5 Fig. 2 shows the Raman spectrum of the folded
4 239 239.2 LA modes for the ZnS-ZnSe SLS sample SS-1. In
5 233.5 234.3 the region 10-90 cm- 1 , three doublets were seen
6 228.5 229 at room temperature near 22, 44 and 67 cm-1, the
7 222 separation between the components of the doublet
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251 ceeds 40 A, the shifts are almost constant and
+20 " comparatively small, but when the thickness is

_15t  smaller than 40 A, the shifts change sharply. For

0- .O the sample with layer thickness of 10 A, the shifts
give better agreement for the calculated value [10],

I' assuming that the two individual layers are com-C _L mensurate. Therefore, the sample is in a com-
mensurate configuration, and the large elastic
strain is accommodated in the layers instead of

C- 0
L-- 5 forming misfit defects. But this is not true for the

-20/ samples whose individual layers exceed 40 A. For
20 4o 60 80 these samples. there are no large elastic strains in

Loayr Thickress(AI the layers, because of small shifts of the phonon

Fig. 3. The relationship between the shifts of LO phonon frequencies. These samples should be in free-

modes frequencies and the individual layer thicknesses: standing configurations (or incommensurate
(-) measured values including the strain induced shifts growth). We estimate that the critical thickness for
and the red shifts due to confinement: (---) strain induced a ZnSe-ZnTe SLS with 7% lattice mismatch is 40

shifts. A, the commensurate-incommensurate transition
occurs between 10 and 40 A for individual layer

is about 5 cm- . The inset of the figure is a thickness. In the transition region, the layer must
calculated dispersion curve for the LA phonons be graded so as to relax some strain to make the
using ' Rytov model with strain-free parame- elastic strain energy balence the misfit dislocation
ters. for ZnSe. p = 5.264 g cm- 3 and v = 4.07 X energies. For the sample ST-3, we assume that the
105 cm/s and for ZnS, p = 4.083 g cm- 3 and ZnTe layer is coherent with the lnP substrate on
v = 5.047 x 10i cm/s [16]. The disagreement with one side and is commensurate with the ZnSe layer
the experiment may come from the neglect of the on the other side; the resulting frequency shifts
strain effects on the sound velocity or the phonon are 14 and 6 cm-', and give better agreement with
dispersion curve. As we know, in the [001] direc- the measured values of 15 and 6.5 cm - 1.
tion. the ZnSe layer is under tensile strain, while
the ZnS layer is under compressive strain. There- 3.4. Far-infrared reflectivity spectrum
fore, the dispersion curve of ZnSe should shift
down while that of ZnS should shift up, and the TO phonon modes have been obtained by far-
sound velocity should decrease in the ZnSe layer infrared reflectivity spectra. The same behavior as
and increase in the ZnS layer. This effect broadens
the peaks and the separation of the components of
the doublet is larger than the calculated value.

3.3. Critical thickness of ZnSe-Zn Te SLS

Fig. 3 shows the relationship between shifts of
LO phonon frequencies and the thickness of
ZnSe-ZnTe SLS layers. All the samples have the
equal thicknesses for two individual layers, see
table 1. The solid lines show the measured shifts
including the red shifts due to confinement and 2b' 25-0 20

the shifts induced by the elastic strain; the dashed avextwbr(cm-,j
lines are the shifts induced by the elastic strain. As Fig. 4. Measured (e) and fitted (---) far-infrared reflectivity
we see, when the individual layer thickness e\- spectrum of the ZLo-ZnSe SLS sample SS-2 at 300 K.
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We report the MBE growth and characterization of a new system of wide-gap Il-VI heterostructures: Znl -, MnSe/Znl - Cd ,Se.
We have grown single and multiple quantum well structures as well as superlattices with low lattice mismatch ( < 0.3%) and with
good interface quality for x < 0.30, y < 0.25. All these structures show robust confinement effects and efficient excitonic lumines-
cence in the blue-green spectral region. Magneto-optical measurements yield a valence band offset of 30 ± 5 meV.

Wide-gap heterostructures involving ZnSe- cal thickness is exceeded. In anticipation of future
based alloys are of current interest because of applications, it is therefore important to investi-
potential optoelectronic applications in the blue- gate II-VI heterostructures with lower strain con-
green region of the spectrum [1]. The combina- figurations. We discuss here the growth and prop-
tions investigated in recent years include erties of Znt_-MnSe/Zn,CdSe heterostruc-
ZnSe/Zn_,Mn,Se [2] and ZnSe/Znl_,Cd.Se tures, in which the lattice mismatch can be re-
[3]. ZnSe/Znl -,Mn.Se structures have exhibited duced by appropriately adjusting the alloy com-
optically pamped lasing at low lattice tempera- positions [6,7].
tures [4], while room temperature lasing action The epitaxial growth and properties of the al-
action has been recently demonstrated in loys Zn-,MnSe and Zn_,Cd.Se have been
ZnSe/Zn, - Cd.Se. [51 These heterostructures are reported earlier in the literature [2,3,8]. Fig. I
strained-layer systems, with a typical lattice-mis- shows the schematic variation of the room temp,.r-
match of 1%-2% using alloy compositions of in- ature energy gap in both these alloys as a function
terest. While not a limitation for thin structures of lattice parameter, indicating the opportunity
containing a few pseudomorphic strained quan- for fabricating lattice-matched Zn1-_,MnSe/
turn wells, the lattice-mismatch could have detri- Zn VCd YSe heterostructures. Notice also that, in
mental effects in thicker structures where the criti- comparison to both ZnSe/Zn, -,MnSe and

0022-0248/91/S03.50 C 1991 - Elsevier Science Publishers B.V. (North-Holland)
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ZnSe/Zn, _ Cd Se, the lattice-matched hetero- 105

structures should have better confinement due to r 6

the larger difference between the energy gaps of L.=42
barriers and wells. Our primary interest lies in the B=4.5T

composition range 0.10 < y < 0.20 for the . 4 - 5 -x5O.OT

Zn_,Cd,.Se wells and 0.20<x<0.30 for the -
Zn t ,Mn.Se barriers. Both Znl-xMnxSe and Z " L,- 20 A

Zn, _,.Cd,.Se epilayers show a rapid deterioration ,2
in quality for Mn and Cd concentrations much z . , I -_

above these upper limits [3,8]. The composition I I I
range is also dictated by the desire to have optical 2.55 2.6 2.65 2.7 2.75

transitions in the blue-green region of the spec- PHOTON ENERGY (eV)
trum while at the same time having sufficient Fig. 2. Photoluminescence spectra of three isolated
confinement of the carriers. Znl,MnSe/Zn-,CdSe (x = 0.15. y = 0.16) quantum

Crystal growth was carried out in a Riber 32 wells at T = 2 K. The dashed curve shows the PL in a magnetic

R & D system, with elemental sources of Zn, Mn field of 4.5 T

and Se, and a compound CdSe source. Substrates
employed were commercially polished (100) GaAs, we used a substrate temperature of 300 'C. How-
and were prepared in the standard manner before ever, Zn -,MnSe/Zn,-,.Cd,.Se quantum wells
use. The sample surface was monitored by reflec- and superlattices were grown at a substrate tem-
tion high energy electron diffraction (RHEED) at perature of 250'C, hence optimizing the quality
10 keV, and showed a (2 x 1) reconstruction un- of the quantum well material. Studies of single
der typical growth conditions. The composition of quantum wells in which the temperature was cycled

the alloy samples was determined by assuming a between the two optimal temperatures for the well
linear variation of the lattice constant (Vegard's and barrier materials showed no particular im-
law). Optimal growth temperatures for Zn1 - , provement in optical properties.
MnSe are typically in the range 300-320'C. For characterization purposes, we fabricated
while those for Zn1 ,Cd,Se lie in the range 230- Zn1 , Mn ,Se/Zn - ,Cd,.Se quantum wells of
300'C. depending on the composition. Wherever varying thicknesses. The heterostructures were
thick buffer layers of Zn ,MnSe were required, grown on top of buffer layers consisting of 0.5 tpm

ZnSe followed by 0.5 ym Zn ,MnSe. The low
temperature PL spectrum of one such structure is
shown in fig. 2. The sample contains three quan-

MnSm tum wells of Zn ,CdSe (y=0.15) with well

> widths of 105. 42 and 20 A. respectively, isolated
T 7o by 500 A Zn1 -MnSe (x 0.16) barriers. At low

temperatures, the energy gap difference between
- o !3the barriers and wells is 236 meV. The lattice

mismatch is about 0.3%. Transmission electron
Z

1 '90 :00 K microscopy (TEM) shows that the misfit disloca-
CW(i, c tion density is quite low ( < 106 cm -2) compared

1 50 0 to that in typical strained I-VI heterostructures.
5 9, 6 1The photoluminescence (PL) spectrum in fig. 2

IAlrl(,' CONSTANT (A) shows efficient excitonic recombination associated
with the n = I to hh transition fro,,i each of the

Fig. I. Schematic depiction of energy gap (at 300 K) versus
lattice parameter in the alloys Zn, ,MnSe and Znj ,Cd,Se. quantum wells, with strong confinement-related
For experimental data showing detailed bowing effects, see blue-shifts. A comparison between reflectivity and

refs. 12,31. PL spectra indicates a relatively small Stokes shift
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900. 1(7 meV). despite the presence of the alloy in the L. 45; S lit width

quantum well. The structure shows a very high L70 60L A s s

luminescence efficiency up to 80 K.
The diluted magnetic semiconductor (DMS)

nature of the barrier material can be exploited for 600

determining band offsets [9]. DMS alloys such as
Zn- _Mn Se show a large Zeeman splitting of the L 45o

band-edges at low temperatures due to the sp-d ,
exchange interaction between band electrons and 12 0o I I
magnetic ions. In a quantum well structure with I

DMS barriers, the confined states experience some 1100
of this exchange interaction due to the penetration
of the wavefunction into the barriers. The result- tooo
ing magneto-optical shifts in PL spectra can then
be fitted to theoretical calculations, yielding direct 900 slit width:

information about band alignments. The calcula- 150-200-15-150

tions employ a variational method that properly 001
accounts for excitonic effects in the case of small 24 16 8 0 -8 -16 -24 -32

valence band offsets [10]. RAMAN SHIFT (cm
i ')

In fig. 2. the dashed curve represents the PL Fig. 4. Observation of folded acoustic phonons in a 50 period

spectrum for the Zn ,-MnSe/Znl --,.Cd,Se Zn,, 71Mn0 3oSe/Zn, 5sCd,, Sesuperlatticevwith Zn, ,MnSe

quantum well structure in a magnetic field of 4.5 and Zn t -,CdSe layer thicknesses of 60 and 45 A. respec-
tively. The upper panel shows the first order doublet and the

T in the Faraday configuration ( B perpendicular lower panel shows a . eak second order doublet.

to the layer plane). The emission from the two
narrower wells shows a sizeable red-shift, due to
the large penetration of the wavefunction into the offset of 30 + 5 meV. implying a conduction band
DMS barrier. In fig. 3. we show the experimental offset of 208 + 6 meV.
Zeeman shift of the PL from the 42 A well along In addition to quantum well structures, we have
with the theoretically calculated shift for several also investigated Zn ,Mn,Se/Zn, ,.CdSe su-
values of the valence band offset. A comparison perlattices. PL spectra from these superlattices
with the experimental data yields a valence band also show strong excitonic features and clear

quantum confinement effects [6]. Further studies
of Zn, - Mn,Se/Zn, .CdSe superlattices using

0 , magneto-luminescence and Raman spectroscopy
_ oare currently underway. Preliminary analysis of

k,:42 A magneto-optical data yields valence band offsets

-5- consistent with those obtained from the single
quantum well measurements described earlier.

4 e- Room temperature Raman measurements show
40meV the presence of folded acoustic phonons (fig. 4),

3 " ., attesting to the formation of superlattices with
3imeV uniform layer thicknesses and well defined inter-

S AE 20meV faces. The positions of the first and second order- 5 1 v I I

0 I 2 3 4 5 doublets are in good agreement with the predict-
MAGNETIC FIELD (T) ions of a standard model (11] that accounts for

Fig. 3. Magneto-optical shift of the PL emission from the 42 , zone-folding effects. Detailed Raman and mag-
quantum well in fig. 2. The solid lines show the theoretical neto-optical studies of these superlattices will be

shift for different values of the valence hand offset described elsewhere.
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Characterization of CdSe/ZnTe heterojunctions

M.C. Phillips, E.T. Yu, Y. Rajakarunanayake, J.O. McCaldin, D.A. Collins and T.C. McGill

TJ. Watson. Sr.. Laboratory of Applied Physics, California Institute of Technology. Pasadena, California 91125, USA

We have measured the valence band offset in a cubic CdSe/ZnTe (100) heterojunction by X-ray photoelectron spectroscopy
(XPS). Our preliminary result, based on analysis of one heterojunction. is 0.65 ±0.08 eV. The electrical characteristics of a doped
n-CdSe/p-ZnTe heterojunction appear to be dominated by traps. We have attempted to verify the band offset through capacitance-
voltage measurements. but have been unable to extract a consistent value for the flat band voltage from scans taken at different
temperatures and frequencies.

1. Introduction 2. Experiment and discussion

Inability to dope ZnTe n-type has frustrated We grew the CdSe and ZnTe layers in a
attempts to base an efficient green light emitting Perkin-Elmer 430P MBE loaded with 99.9999%
diode on the 2.25 eV. direct band gap of ZnTe. elemental sources; the substrate temperature was
One solution would be to find an n-dopable 270 °C for growth of both materials. For the XPS
material with a conduction band alignment that sample we started with a GaSb epilayer on a
allows electron injection into p-ZnTe. CdSe can be GaSb substrate, transferred through UHV to the
doped heavily n-type and, though its equilibrium 1I-VI chamber, then alternately grew ZnTe or
structure is wurtzite. in thin layers it will grow CdSe epilayers and characterized them in the XPS
readily in cubic form on ZnTe with a lattice chamber. Transfer between growth and analysis
mismatch of only 0.44% [1]. Unfortunately, since chambers was also through UHV, eliminating
the room temperature band gap of cubic CdSe is complications associated with exposing surfaces to
1.67 eV [1l and since the valence band of CdSe lies atmosphere.
below that of ZnTe. the conduction band offset in The thickest CdSe layer was about 400 A. Dur-
a CdSe/ZnTe heterojunction is many times kT at ing the growth of this layer the RHEED pattern
room temperature. changed very little from that of the initial 2 x I

Though the conduction band offset is unfavora- reconstructed ZnTe surface. The upper XPS spec-
ble for injection from n-CdSe into p-ZnTe, it may trum in fig. I is from this CdSe layer and is
still be possible to inject from a lattice-matched, followed by a spectrum from a thick ZnTe layer.
n-type (CdSe),(ZnTe), ', alloy into p-ZnTe. To The third spectrum is from approximately 25 A of
evaluate this possibility we must have information ZnTe on CdSe. Applying the method of Kraut et
about the dopability and miscibility of these al- al. [21 to these spectra, we find a valence band
loys. and about the band offset of at least the offset of 0.65 + 0.08 eV. shown in fig. 2 amidst a
binary materials. This paper gives a preliminary wide range of theoretical predictions [3-10]. The
value for the CdSe/ZnTe offset as measured by strain in the layers was not measured; since, how-
XPS. and describes the electrical characteristics of ever. the lattice constants of ZnTe and cubic CdSe
a CdSe(AI)/p-ZnTe heterojunction. differ by only 0.44%, and since those of ZnT, and

0022-0248/91/$(1350 1991 - Elsevier Science Publishers B.V. (North-Holland)
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GaSb differ by only 0.15%, strain effects can be
CdSe (100) Se3d Cd4d neglected within the error bounds. The value

quoted above is based on analysis of only one
heterojunction; we will publish a detailed discus-

. .sion when more samples have been studied.
".. . 80 The GaSb/ZnTe valence band offset is too

100 s0 60 40 20 0 large to allow a back contact suitable for electrical
measurements to be made through a GaSb sub-
strate. Since single-crystal. oriented ZnTe sub-

.100 Te4d x5 A strates are not commercially available, the sample
I i! for electrical characterization was grown on a ran-ZnpZn3d

,*..-Zn'p .n.d domly oriented, polycrystalline ZnTe substrate
_ with an average grain size of a few millimeters and

._ . ... -- J a room temperature hole concentration of about
100 80 60 40 20 0 0'7 cm 3 . The structure consists of a nominally

undoped. 400 A ZnTe layer, 600 A of CdSe heavily
doped with Al, and an in situ Zn cap applied atCdSe/ZnTe (100) Se3d Te4d Cd4d/Zn3d room temperature. Due to a problem with the Se

'A shutter, there was a 34 min growth interrupt be-
Zn3p tween the ZnTe and the CdSe while the Se source

heated from idling to growth temperature. During
-.. this time the substrate was lowered out of the Se10O0 80 60 40 20 0

Binding energy (hd)
Fig. 1. XPS spectra for bulk CdSe (100). bulk ZnTe (100), and

a CdSe/ZnTe (100) heterojunction. 1.4

1.2 T -50C

1.0

E 0.8

- 0.6

o 251 G 0.402.5
Harrson And Tersoff U 0.2

> Katnon, .nd Morg oritondo

' - 0 5 0 - M C A IA ,n , M C G II A n d N e d -
"d -rrensle, And Kroefler 0.24 . . . .' . . . . . . . .'. . . . .'. . . .

\yon ROSS T=-O.1~

00

.-o75 -0.16

, /H~trton 0'Freeoi and WoodolN 0.2

-R s -- 0.08

K.Aou 0.04

0 

..

-25 -3 -2 -1 0 I1Znre CdSe

Fig. 2. Predicted values for the relative position of the ZnTe Voltage (V, mesa negative)
and CdSe valence band edges [3-10. The figure also includes Fig. 3. Measured I- V and C-IV for an 80 pm diameter mesa

our experimentally measured value, indicated in bold. containing an n-CdSe/p-ZnTe heterojunction.
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flux and held at the growth temperature, but im- malfunction. Eliminating this growth interrupt and
purities may have collected at this interface, starting with better substrate material should im-

We evaporated a large area Au back contact prove the results.
after removing the sample from UHV, and then The heterojunction for XPS was grown on a
etched through the heterojunction to leave circular high quality substrate and no problems were evi-
mesas with Zn caps. Since the grain boundaries dent in the RHEED pattern during growth.
were evident after etching, we were able to study Though the value of 0.65 eV should be considered
only mesas lying within single grains. At room tentative until checked with more samples, the
temperature these devices turn on exponentially procedure used has produced consistent results for
with an ideality factor of 2.3 until an ohmic series several other heterojunctions.
resistance dominates the current. Fig. 3 shows
current-voltage and capacitance-voltage mea-
surements taken at -50'C; the lower tempera- Acknowledgment
ture reduces the reverse current and thus extends
the voltage range over which the C-V data are This work was funded by the Office of Naval
useful. The infinite-capacitance intercept in the Research under contract N00014-90-J-1742.
lower plot should be the flat band voltage, but a
flat band voltage of 0.5 V gives a band offset of
about 1 V. C-V scans taken at different tempera- References
tures and frequencies are not consistent with a
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Fabrication of ZnS/(ZnSe),/ZnS single quantum well structures
and photoluminescence properties

T. Yao
Department of Electrical Engineering. Hiroshima Uni'ersity. Higashi-Hiroshima 724, Japan
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Electrotechncal Laborator.' Tsukuba 305. Japan

M. Fujimoto *, S.K. Chang * * and H. Tanino
Electrotechnical Laborato . Tsukuba 305, Japan

ZnS/ZnSe single quantum well structures are fabricated for the first time by a combination of molecular beam epitaxy and
atomic layer epitaxy. The quantum wells thicker than 3 monolavers (ML) emit a sharp excitonic emission with half width of 15-30
meV. while a broad emission (half width of around 100 meV) with low-energy tail is observed from quantum wells thinner than 2
ML. From the analysis of the dependence of emission energy on well width, it is concluded that the conduction band offset at the
ZnSe/ZnS interface is very small (almost zero). It is suggested that the luminescence broadening in thin quantum wells is caused by
fluctuations not only associated with the quantum confinement effect along the growth direction, but also with the lateral quantum
confinement effect in "quantum slabs" formed on islands and valleys at the interface.

1. Introduction islands and valleys. It is intuitive to see that the
transitions become sharp if the lateral dimensions

The interface roughness of heterostructures has of valleys and islands are either much larger or
been characterized by utilizing free excitonic emis- smaller than the exciton size, and that they be-
sion from a superlattice or quantum well structure come very broad when the laterial fluctuations are
as a probe, in which the half width of the emission comparable to the excitonic size.
is closely correlated with the interface roughness It is obvious that a single quantum well (SQW)
[I]. The interface roughness implies fluctuations in structure is preferable to characterize the interface
the position of the barrier along the growth direc- roughness compared to multi-quantum well
tion and the presence of islands and valleys at the (MQW) or superlattice structures, since a fluctua-
interface. For interfaces formed under optimal tion in layer thickness present in MQW and super-
growth conditions, the fluctuation of the barrier lattice structures give additional broadening in
along the growth direction is expected to be a energy spectrum. In fact, the characterization of
monolayer distance. The spectral width of an ex- the interface roughness in III-V heterostructures
citonic transition is given by the width of the has been mostly conducted with SQW structures
probability distribution of lateral dimensions of [2].

Recently, there has been increasing interest in
II-VI wide band gap superlattices such as CdTe-

On leave from Tokai University, Hiratsuka 259-12, Japan. ZnTe [3], ZnTe-ZnSe [4,51. ZnSe-ZnMnSe [6].Present address: Canon Inc., Shimomaruko. Ota-ku, Tokyo
146. Japan. and ZnSe-ZnS [7,81 for use in optoelectronic de-

** On leave from Department of Physics. College of Science, vices in the short wavelength region. In particular,
Yonsei University. Seoul 120-749. South Korea. ZnSe-ZnS superlattices have been grown on (100)
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GaAs substrates by hot wall epitaxy [9], molecular Z s k// 11 0 -- 1.Seopen

beam epitaxy (MBE) [10]. metalorganic chemical S 4n .

vapor deposition [7,81, and metalorganic molecu- nS (Zn surface)(

lar beam epitaxy [11] methods because of poten- ";
tial applications such as optical waveguides [12] oi zn close

and blue lasers 113]. Although the interface quality -. SZn so ae)

has a crucial effect on the performance of these .7a
C 

:

devices, the interface quality has not been exten- 0 S
sively characterized because of the broad emission --

o

spectrum from II-VI superlattice structures. C S trface) IThis paper presents the first fabrication of W tl 1 min'

ZnS/ZnSe SQWs by a combination of MBE and M S lone So cl0e znse
atomic layer epitaxy (ALE), in which ZnS baier Zn pen Zn open (se suface)

layers are grown by MBE, while the ALE tech- Time (min)--o

nique [14] is adopted to grow thin ZnSe well Fig. 2. The intensity variation of the RHEED specular beam

lavers. Photoluminescence (PL) spectra of the intensity during the growth of ZnSe well.

ZnS/ZnSe SQWs are measured for various well
thicknesses. The interface roughness and its in- whose thickness ranged from 0.1 to 0.5 um was
fluence on PL spectra will be discussed. subsequently grown by MBE. The typical growth

rate for ZnS was 0.1 pm/h. Although the lattice
mismatch between GaAs and ZnS is 4.5%. the ZnS

2. Fabrication of ZnS / (ZnSe). / ZnS single layer was thick enough to be fully relaxed. The
quantum well structures ZnSe well layer was grown by ALE, in which the

ALE cycle was as follows: the open periods of the
Fig. I shows a schematic picture of a ZnS/ZnSe Zn and Se shutters were 60 s and the interval

SQW structure. A 0.15 jim thick GaAs buffer period in between each open period of the shutter
laver was grown on a (100)GaAs substrate by was 5 s. The ALE growth conditions were ex-
MBE in a separate growth chamber. The sample amined by RHEED investigations [15]. The thick-
was transferred to the I-VI growth chamber via ness of the ZnSe well ranged from I to 20 ML.
magnetic feedthrough and a ZnS barrier layer Finally, a ZnS barrier layer whose thickness ranged

from 0.03 to 0.1 jum was grown by MBE. The
substrate temperature during growth of I-VI

ZnS --- 1000 A MSE compounds was varied between 130 and 210'C.
Fig. 2 shows an example of the variation of the

InSe e- 1-20 ML ALE RHEED specular beam intensity during the ALE
growth of a ZnSe well of 5 monolayers (ML).
RHEED observation conditions were: accelera-

ZnS .e-,e 00 A USE tion voltage 11 keV: azimuth 111110] direction:
incidence angle 1'. After the succeeding forma-
tion of S- and Zn-covered surfaces. ALE growth

GaAs buffer *-"-1500 A USE of ZnSe was initiated by opening the Se shutter.
The S-covered surface of ZnS showed a (2 x 1)

a (reconstruction RHEED pattern, while the Zn-
6aAs (001 ) covered surface showed a (1 X 1) RHEED pattern.
Crtdoped) TSub "200 'C It is interesting to note that the RHEED intensity

Gzhs- 1000 A/h for the Zn-covered surface was stronger than that
for the S-covered surface. This relationship is the

Fig. I. Schematic of fabricated single quantum well structures. same as for ZnSe and ZnTe [15]. After the growth
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of 5 ML of ZnSe which was terminated by open- ZnSe Well width (A)
ing the Zn shutter, the MBE growth of ZnS was 10 20 30 40 50 60
restarted by opening the S shutter with the Zn Eg(ZnS) n IOW

shutter being kept open. The observed persistent 3.8 ZnS/(ZnSe)n/ZnS SOW

RHEED intensity oscillations during growth are 3.7-
indicative of atomic layer-by-layer growth of ZnSe.

3.6-

3. Photoluminescence properties > 34

PL spectra were measured at 4.2 K using the w 3.3
0

3250 A line from a He-Cd laser as an excitation 32
source. As shown in fig. 3. PL spectra from6 3.2

ZnS/ZnSe SQWs show dominant excitonic emis- 3.1
sion presumably due to radiative annihilation of
the free exciton. It should be noted that the free 3.0

excitonic emission even from a I ML thick ZnSe 2.9i
SQW was observed with sufficient emission inten-
sity. which is indicative of high internal quantum Eg(ZnSe) 2.8k

efficiency of ZnS/ZnSe SQWs. The emission en-L10 5 20 10 15 20

ZnSe Well width (ML)

Fig. 4. The depend.nce of emission energ on he wel] thick-

Eg(ZnS)
ergy of a ZnS/ZnSe SQW with I ML thick ZnSe

Eg(ZnSe) v well reaches around 3.5 eV. which is the shortest
wavelength ever obtained from Ii- VI heterostruc-
tures. The linewidth of the emission peak from
quantum wells thicker than 3 ML varied from 15
to 30 meV. which is narrower than the reported
half-width for ZnSe-ZnS superlattices [7-111.
Such sharp emission is in contrast to the broad

S .. emission from ZnSe-ZnTe superlattices, which fall
-. -- *. in the category of type I1 superlattices 14.51. How-

- ;. ever. as the well width is reduced below 2 ML. the
emission line shows a prominent band tail on its

X . /- low energy side and the half width increases
.. .ab-uptly: 86 meV for 2 ML and 115 meV for I

2.5 31.0 31.5 lo ML.
|'hoton Iv'\'I Fig. 4 plots the emission peak energy against

Fig. . Photoluminescence spectra from single quantum well the ZnSe well width. The half width value is
structures. shown by a vertical bar. As the well width de-



826 1. Yao et al. / Fabrication of ZnS / (ZnSe), / ZnS SQ structures and PL properties

creases from 20 to I ML, the emission increases 4. Discussion
from 2.92 to 3.47 eV. Since the SQW emission
exhibits a sharp peak with the peak energy being The broadening mechanisms of the PL line
situated in between the band gap energies of ZnSe width are: (i) interface roughness. (ii) the interac-
(2.82 eV) and ZnS (3.83 eV). the ZnS/ZnSe super- tion of excitons with phonons. and (iii) band
lattice falls in the category of type 1. filling due to high carrier concentration. The

The solid curve shows the dependence of the broadening due to the interaction of excitons with
calculated emission energy on the well thickness phonons becomes dominant at high temperature
based on a simple square well potential model. In [18]. but is less important at low temperature
the calculation, the effect of strain - that is, compared to other mechanisms in the case of
biaxial compressive strain - is accounted for. Al- weak electron-phonon coupling. The broadening
though there have been reported values ranging due to the band filling becomes important in a
from 270 to 940 meV for the valence band offset thick well. when the excitation intensity is rela-
of ZnSe/ZnS heterostructures [151. it is generally tively high. Therefore, the luminescence broad-
considered that the conduction band offset is very ening due to the interface roughness would be
small compared to the valence band. We tenta- responsible for the luminescence broadening ob-
tively assumed for simplicity in the calculation served in the present experiments. It is observed
that .E, = 0 and .IE, =AE, = I eV. This as- that the linewidth scattered around 20 meV for
sumption is consistent with the observation that quantum wells above 3 ML, while it increases
only one emission line was observed, even at high abruptly as the well width decreases below 3 ML.
temperature (up to 110 K). The calculation agrees Such abrupt broadening cannot be explained oniv
fairly well with the experimental results except for by considering the fluctuation in the energy level
well widths of 1-3 ML. Although Harrison's lin- of excitons caused by quantum confinement along
ear combination of atomic orbital theory predicts the growth direction. but also considering an ad-
that the band structure of the ZnS-ZnSe interface ditional "lateral" quantum confinement effect of
represents type I (.AE, = 0.2 eV and .. E, = 0.8 excitons.
eV) [171. it is likely that the conduction band When I ML thick ZnSe is deposited on a ZnS
offset is much smaller than 0.2 eV. In fact, recent surface which has a surface roughness of one
study of PL of ZnSe/ZnS superlattices suggests monolayer, there would be formation of ZnSe
that the conduction band offset for a well width of islands whose thickness is 1 ML. as schematically
40 A is expected to be zero due to the strain [7]. shown in fig. 5a. If the lateral dimensions of these
There is considerable discrepancy in the emission islands is small compared to the de Broglie wave-
energy for very thin wells (1-3 ML) between the length of electrons, additional "'lateral" quantum
calculation and experiment. In such thin quantum confinement effects should be considered. In terms
wells, the effective mass approximation is not a of RHEED characterization, the surface of the
good approximation and a more rigorous treat- ZnS buffer layer is not atomically smooth com-
ment would be needed. Moreover, even in the pared to the GaAs surface. Therefore, it is natural
calculation of the emission energy based on the to consider that there are many small islands and
simple square-well potential model, the variation valleys whose lateral dimensions are much smaller
of binding energy with the well thickness should than the de Broglie wavelength. After the deposi-
be considered. The binding energy of 3D exciton tion of ZnSe by ALE, a ZnS barrier layer is
is 21 meV. while that of a two-dimensional limit is subsequcntly deposited. If the surface roughness
84 meV. The enhancement of the exciton binding of ZnS is assumed to be 1 ML, as shown in fig. 5a.
energy becomes important thin quantum wells, the ZnSe ;,lands formed by the surface roughness
These factors are not considered in the present (terraces a:d valleys) of ZnS are three-dimension-
calculation, and should be responsible for the ally covered i,'v ZnS. which results in a three-di-
deviation of the calculation from the experimental mensional quantum confinement of electrons and
results. holes. Thus the situation is similar to the quantum
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It should be pointed out that the thick well
ZnS (15-20 ML) showed rather broad linewidth (30

S------7/' meV) with weak luminescence. It is most likely
I that there occurs the generation of misfit disloca-

/, ZnS tions in these films, which produces nonradiative
- -centers and broadens the luminescence.

(a)

5. Conclusions

........-.... --- " IZnS/(ZnSe),,/ZnS (n = 1-20) single quantum

x _fi,/- , // /7,J/bif well structures were fabricated bv a combination
of MBE and ALE. The SQW structure shows

~'7~,247 17,1K ZnSIZnS dominant excitonic emission which shows quan-
tum confinement effect. The analysis of the de-

______ _ -__ I pendence of the emission energy on the well width
(b) indicates that the conduction hand offset is very

-- Zn small, or practically zero. The luminescence from

Se wells thicker than 3 ML shows a sharp peak whose
Fig. 5 Schematic depicting ZnZe grouth on an atomicall% line width is typically 15-30 meV, while thinner
rough ZnS surfacc: (a) I MLt. thick ZnSe: N 2 Nil. thick ZnSe. quantum wells show much broader luminescence.

which cannot be explained only by fluctuations in
the electronic energy level associated with quan-

box. but with strong anisotropy. Such confine- tum confinement effect along the growth direc-
ment %ould realize "quantum slabs", in which the tion. It i,, suggested that "quantum slab" struc-
confinement in the growth direction is of the order tures are formed on the ZnS surface at the begin-
of an atomic laver. while the lateral confinement is ning of epitaxy. which causes additional lateral
of the order of excitonic size. It is expected that quantum confinement. The lateral fluctuation of
Such anisotropic "'quantum slabs" would yield in- the "quantum slab" size causes additional lumi-
teresting optical phenomena. Since the lateral di- nescence broadening.
mensions of such "quantum slabs" are distributed
almost randomly, the energ spread of the quan-
tun level would become significant. Conse- References
quently. the luminescence broadening occurs.
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Blue (ZnSe) and green (ZnSe0 .9Te0 .) light emitting diodes

J. Ren, K.A. Bowers, B. Sneed, F.E. Reed, J.W. Cook, Jr. and J.F. Schetzina
Department of Phi-sics. North Carolina State Universitv. Raleigh. North Carolina 27695-8202. USA

We report the successful fabrication of ZnSe p-n junction light emitting diodes in which Li and Cl are used as p-type and n-type
dopants. respectively. These p-on-n structures emit blue light at room temperature. Double heterostructures in which the active region
is either a ZnSe,,Te I layer or a ZnSe-ZnSe1 Jen1 multilayer have also been fabricated by molecular beam epitaxy. These structures
emit green electroluminescence over a wide temperature range.

I. Introduction 2. Experimental details

Fabrication of ZnSe blue light emitting diodes The LED structures were grown by molecular
(LEDs) and lasers requires the formation of p-n beam epitaxy (MBE) in a special system designed
junctions or heterostructures through controlled and constructed at North Carolina State Univer-
substitutional doping (1-91. Devices of this type sity (NCSU) specifically for growing I-VI com-
are currently sought for a number of applications pound semiconductors [10]. High purity (6N) Zn.
including their use in full-color electroluminescent Se. and Te from Osaka Asahi Metals Company
displays, as read-write laser sources for high-den- were used as primary MBE source materials.
sitv information storage on magnetic and optical ZnCI,(5N5) was used as a solid Cl doping source
media, and as sources for undersea optical com- for growth of the n-type layers. Pure Li metal
munications. In addition. ZnSe is closely lattice- (3N5) was used to dope the p-type layers.
matched to GaAs (Aa 1 a - 0.25"c). Thus. in prin- The ZnSe diode structures (fig. la) were grown
ciple. ZnSe devices can be integrated with Al- on n-twpe (- 4 x l01" cm 3) (100) GaAs: Si sub-
GaAs-GaAs devices to form sources, amplifiers. strates. First, a 1.7 lim thick n-type (n, - 2 x l0"
modulators, and detectors in a multicolor optoc- cm -) ZnSe:Cl base laycr was grown, followed
lectronics technology that could be used for both by deposition of a 0.8 [tm thick p-type ZnSe: Li
optical communications and optical signal layer. The ZnSe,,Te1  LED structures consisted
processing (optical computing). of a DH in which the active region was either a

In this paper, we report the successful fabrica- ZnSe,Te t layer or a ZnSe-ZnSe,,Te, multi-
tion of ZnSe p-n junction LEDs in which Li and layer sandwiched between doped ZnSe layers (fig.
Cl are used as p-type and n-type dopants, respec- Ib). For each of the above structures, ohmic con-
tively. These LEDs emit blue light at room tem- tact to the back surface of the GaAs : Si substrate
perature. was obtained by thermal evaporation of a

Double heterostructures (DH) in which the ac- Au(, ,Ge,,2 eutectic layer. Diode structures were
tive region is either a ZnSe,)jTe layer or a then completed by depositing 0.8 mm Au dots
ZnSe-ZnSeoqeTq multilayer have also been suc- onto the top ZnSe: Li layer using a metal mask.
cessfully prepared. These LED structures emit Diode I- V characteristics at 300 K were mea-
green electroluminescence over a wide tempera- sured using a Tektronix 370 curve tracer. Electro-
ture range. luminescence spectra were obtained for selected

(X)22-0248/91/$)3.50 , 1991 - Elsevier Skience Publishers B.V. (North-Holland)
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a I Au ZnSe diode structure recently reported by Haase
p-Type ZnSe:Li 0.8 Pm and co-workers [3,111 of 3M Company. The 3M

n-Type ZnSe:('l 1.7 pm ZnSe LED structure consists of a p-type ZnSe: Li
film deposited onto a p '-GaAs substrate. This is
followed by deposition of an n-type ZnSe: Cl layer.

n-lype GaAs:Si Substrate Although this structure is reported by Haase et al.

Au-(;e to emit blue light (463 nm) at room temperature.
they also report a forward bias turn-on voltage in

Blue Light Emitting Diode excess of 15 V. This large turn-on voltage, which
cannot be tolerated in a laser structure, is attri-
buted to a high resistivity layer caused by misfit

b Au dislocations at the GaAs-ZnSe interface. Part of
p-Type ZnSe: 1i 0.8 gm this voltage, no doubt, is also due to the large

ZnSeTe Active Region 0.1 pin valence band offset voltage ( - 1.3 eV) at the inter-
n-Type ZnSe:('[ 1.7 pn face between these two materials. which blocks the

transport of holes to the junction. By reversing

ri-lY pe (;aAs:Si Substrate this structure, as we have done using a p-on-n
configuration. problems associated with the

.Au-Ge ZnSe-GaAs interface have been eliminated. In
this case, under forward bias conditions, electrons

(;reen Light Emitting Diode flow toward the junction from the n-type layers.
Fig 1. Schematic diagram of (.o ZnSe LED and (b) ZnSe,,Te There is no blockage to transport at the GaAs-

LED. ZnSe interface, since the conduction hand offset is

essentially zero 112). In addition, it appears that
our samples are not plagued by a high resistivity

diodes at temperatures ranging from 4.2 to 300 K. layer at this interface, which contributes to the
In these experiments, gold wires were attached to very high (> 15 V) turn-on voltage reported by
the top and bottom electrodes and the diodes were the 3M group for their p-on-n diode structures.
placed in a liquid-He optical cryostat. The diodes There is a problem, however, in obtaining a
were forward-biased using 6-8 V voltage pulses good ohmic contact to p-type ZnSe. which the
(100 Hz. 10v duty cycle) from a Hewlett-Packard
model 214-A pulse generator. The emitted electro-
luminescence was then detected and analyzed
using a computer-controlled SPEX double mono-
chromator equipped with a GaAs photomultiplier
tube.

3. Results and discussion

3.1. ZnSe blue LEDs

The ZnSe diodes exhibit good rectification
properties as shown in fig. 2. The forward-bias
turn-on voltage is 2.5-3 V for our best diodes:
reverse bias breakdown generally exceeds 10 V. It
should by noted that the ZnSe diode structure
described here is essentially the reverse of the Fig. 2. I- ' characteristics of ZnSe LED at 300 K.
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pears at the edges of the 30 mil opaque circular
gold dot. At 300 K, the emission appears very
bright to the eye. However, LED absolute ef-
ficiency measurements have not yet been com-

wpleted.
1") =77 K

z 2.699 eV
e.A) 313.2. ZnSe,,,Te,,, LEDs

-/ The substitution of 10% Te for Se in ZnSe to
*r'K- ' J form the alloy ZnSe,Te,11 reduces the band gap

4.2 K 2.798e%. by approximately 300 meV (E. - 2.4 eV). In ad-

2.7t10c1 dition, the index of refraction of ZnSe is less than
ZnSe Diode I(651 2.700,. that of the alloy. Thus ZnSe can serve as a clad-Surface Emitter (DANP ,,-, trding layer in optical confinement structures con-

1.8 2.0 2.2 2.4 2.6 2.8 taining ZnSe,9 Te 1 . As a consequence, we have
ENERGY ( employed a ZnSe 9 Te) alloy in the active region

of the DH LEDs shown in fig. 1. Two types of
Fig. 3. Electroluminescence spectra obtained for ZnSe LED at active regions were investigated: (l) a 1000 A

3IM.77. and 4.2 K. layer of ZnSe, qTe,, 1. and (2) a superlattice consist-
ing of ten (100 A) layers of ZnSe,5 Te,,, alternating

structure shown in fig. 2 requires. We have chosen with nine (100 A) layers of ZnSe. Both types of
to use gold for this contact, which produces a DH LED structures exhibited I- V curves similar
Schottky barrier of - I V on ZnSe. as determined to that shown in fig. 2. In addition. the ZnSe,,je,1
from X-ray photoemission spectroscopy (XPS) LEDs emitted green light over a wide temperature
studies [13]. As a consequence, the forward-bias range. This is illustrated by the EL spectra shown
turn-on voltage for our structure is larger than in fig. 4. At the top is shown the emission spectra
expected for an "ideal" ZnSe p-n junction, since at 300 K. which peaks in the green at - 2.38 eV.
the gold Schottky barrier is reversed-biased. It is Spectra obtained at 200 and 100 K are also shown
also for this reason that the forward-bias I - V
characteristics are "soft", after the 2.5-3 V turn-
on. We have completed detailed measuremeni., of 1 3.0 ."11K

the forward-bias characteristics of these initial di- "V
ode structures using a Hewlett-Packard model , V
4142B circuit analyzer. We obtain a diode idealitv '

V

factor n = 1.3 for foward-bias currents up to 10 - . -
A. For currents greater than 10 " A. n >2 be- 2.388,.N

cause of appreciable series resistance (R - 500-
1000 W) associated with the reverse-biased gold-
ZnSe" Li contact. - .

Electroluminescence (EL) spectra for a typical - V/i_.llK

ZnSe LED is shown in fig. 3. The 300 K electro- lf F.. l , i

luminescence spectrum consists of a single near- Ii,,r W "

edge peak ccntered in the blue at 2.630 eV (471 Surd. Fi,,t.

nm) having a full-width at half maximum FWHM , -

= 54 meV. At 77 K. peak emission occurs at 2.699 1.8 2.0 2.2 2.4 2.6 2.8
eV (4.59 nm). At 4.2 K. the main electrolumines- ENER(GY eI
cence emission peak is at - 2.786 eV (445 nm) Fig. 4. Electrolunmnescence spectra obtained for ZnSe,,,Je,,

and is of excitonic origin. The EL emission ap- LED at 3M0. 200. and 10M K.
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Limited thickness epitaxy of semiconductors and Si MBE down
to room temperature

D.J. Eaglesham, H-. Gossmann, M. Cerullo. L.N. Pfeiffer and K.W. West
-, T& F Bell Lahrurorte.. 600 .%tountuzin , cenue. Murrav ltilL \eiw Jersey 07974. U SA

Si NBF on smoth Si( 1)) surfaces i, shown to occur at temperatures down to room temperature. We demonstrate that Si
deposition at constant temperature becomes amorphous after growth of a limiting epitaxial thickness hr,, At room temperature. h,i_
i, = 1- 3) A and increases rapidl,, at higher temperatures with a rate-dpendent activation energy in the range 0(.4- 1.5 eV,
Fxperiment, suggest that neither impurit, segregation nor defect build-up cause the ultimate nucleation of the amorphous phae. and
the effect ma% be linked to surface roughening during grov, th at low temperatures, The possibilit, that some step arrangements ma%
he sufficient to trigger nucleation of the amorphous phase is discussed. We shoA that dopant, are active even at ,er's lo" grntlh
temperatures. s, that limited-thickness epntax, provides a solution to the "doping problem" of therinall,-actiated surface
,egregation of dopants, in Si MBF. Our obserations of Si /Si(l 11). (je/ Si( 101). and iaAs ( iaAs( I ) suggest that liuited-thicknes,
eplta nla Omx'ccur in NIBE deposition of almost anm semiconductor.

According to the textbooks, there should be a files [2.-5]: this is known as the "'doping problen".
minimum temperature 1.,, for growth of a given A large variety of techniques hate previously been
material to occur epitaxiallv [1]. This critical tern- used to determine the epitaxial temperature in Si
perature is attributed to the point at which, for a MBE: surprisingly, however, no clear consensus
given growth rate. surface diffusion of incoming has emerged for -, with measured values vary-
atoms ceases to be thermally activated. Below , ing from 300'C to room temperature [6-81. We
vacuum deposition should produce an amorphous shall show that these discrepancies are attributable
o\erlaver, as opposed to a crystalline epitaxtal to the existence of an amorphous-crystalline tran-
film above 7J,,. Here we present data to show that sition in a film growitig at fixed temperature. This
the notion of a T.p is probably not appropriate in allows us to control Si ejzitaxv (of limited thick-

MBF growth of any semiconductor, even at a nesses) down to room temperature.
fixed growth rate. We demonstrate for the first The epitaxy of Si at low tem, .. ,tures was
time the existence of a limiting thickness h p, for studied using cross-section and plan-view. trans-
an epitaxial film. beyond which the amorphous mission electron microscopy (TENt) to stud\ Si
phase nucleates. The epitaxial thickness it,,, fol- la\ers deposited under a xatrietv of typical MBE
los an exponential temperature dependence, conditions. Several different MBE chambers were
which has previously been mistaken for an abrupt used with pressures typically 10 "' to 10 " Torr
cut-off tn epitaxv. during growth. Deposition rates between 10 and

We begin by study ing Si MBF on the Si(100) 0.05 A s ' were studied using electron guns and
surface. perhaps one of the most-studied epitaxial Knudsen cells as the Si source: dopants were
systems. +Ihe minimum epitaxial temperature T,), deposited using either K-cells or heavidy doped Si
is particularly important in Si MBE. since ther- F-guns. The surface was prepared by growth of a
malls-activated diffusion leads to very marked buffer at 550 700'C on nominally (100) oriented
segregation of electrical dopants to the Si surface. Si substrates from which a protective oxide had
This limits both the maximum dopant concentra- been sputtered or thermally desorbed. In order to
tions achievable and the sharpness of dopant pro- clarify the interface between the high-temperature

1t)22-))24X 91 '$10 5) , 19tl [levier Science Publisher, BN. iNiirth-llolland)
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measured to within + 5°C. absolute values re-
ported here are probably accurate only to within

± 25°C. Substrate temperatures were held sta-
ble to within + 50 C throughout the low-tempera-
ture growth stage.

Fig. I shows a typical Si layer deposited at
190'C on a Ge marker layer. Although the

temperature was held constant during the low-
temperature growth, we clearly see epitaxy over an
initial thickness of = 330 A, followed by nuclea-
tion of amorphous material. In fact. at all temper-
atures between 300 and 50°C. we observe epitaxy
up to some finite thickness, which we call the
epitaxial thickness h,: beyond h ,. the deposited

Fig. 1. Si film MBE-grown at -190'C on Si(100) following film remains amorphous. The breakdown in crvs-
growth of a 3 monolaver thick Ge marker layer at 59 0 C. tallinity at hep is thus a property of Si MBE at
sho-,ing a transition from crystalline epitaxy to amorphous constant temperature. This observation implies
deposition beyond the epitaxial thickness h.... Bright field that, at least for Si homoepitaxy on Si(100). the
image of ,0111 cross-section. at the (400) Bragg position. concept of a minimum temperature for epitaxial
Control samples show that this phenomenon is independent of growth is wholly misleading.

the Ge marker layer.
The epitaxial thickness observed prior to

nucleation of the amorphous phase was observcd

buffer and the low-temperature epilayer an ad- to be strongly temperature-dependent. suggesting
ditional marker layer of 1-3 monolayers of Ge a thermally activated process. A sequence of layers
was frequently deposited (at high temperature) on was grown under otherwise identical conditions
this buffer. Since direct measurement of substrate (900'C anneal to desorb a Shiraki oxide. 580'C Si
temperature is difficult below =-500°C, thermo- buffer grown at 0.7 A s l with an 8 A thick
couple measurements of the substrate holder tem- 580'C Ge marker grown at 0.1 A s '. both from
perature were calibrated by extrapolation from E-gun sources, followed by deposition of 1500 A
pyrometer measurements above 500'C: while rela- of Si at 0.7 A s 1 at low temperature) to de-
tive temperatures in a given chamber can easily be termine the temperature dependence of h,,,, Fig. 2
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Fig. 2. Temperature dependence of the limiting epitaxial thickness hP, (a). and plotted in Arrhenius form at growth rates of hoth 0.7
and 11 A s ' (h). The very steep increase near 2MX)OC in (a) explains why previous reports of an epitaxial temperature were usually

close to this value. The activation energy suggested hy the Arrhenius plot is 0.4 eV at (.7 A s ' and 1.5 eV at I As
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shows the result along with an Arrhenius plot of our experimental observations, and in particular
ln(h~p, ) against 1/T. hepi does indeed appear to constant temperature films (fig. 2) do not show
increase in a thermally activated exponential, with the linear increase in the amorphous fraction given
a activation energy E,, of 0.4 ±0.05 eV. Surpris- by the Jorke model. Examination of the defect
ingly. increasing the deposition rate of the low- microstructure suggests. on the contrary, that the
temperature layer to 11 A s 1 produces a large amorphous phase appears fairly abruptly after
increase in the apparent activation energy for hep,. extended growth of material with a low defect
as shown in fig. 2b. density. In contrast to the earlier model, we would

For amorphous growth to take place after therefore identify a limiting lth,kness as an intrin-
growth of h~1, , the surface must be evolving either sic feature of Si MBE at low temperatures. as
structurally or chemically. While surface segrega- opposed to a consequence of the continuous
tion of impurities may be linked to amorphous build-up of crystal defects. The most probable
deposition (particularly H, 191), we have carried conclusion is that the surface roughness built up
out a number of experiments which suggest that during the early stages of growth plays some
the phenomenon is independent of impurities [10]. central role in nucleating the amorphous phase.
We conclude that during growth at very low tem- The growth of a finite h,, may thus be viewed as
peratures the (100) surface evolves structurally, a manifestation of the nuclcation barrier to for-
rather than chemically: surface roughening is the ming the amorphous phase on a perfectly flat
most obvious explanation, although it is also pos- crystalline substrate.
sible that the step structure (rather than density) This picture of limited-thickness epitaxy is not
change,. and a change in the local surface recon- restricted to Si(100), and suggests that the effect
struction could also be responsible. RHEED oscil- may be general in low-temperature growth. We
lation studies of Si growth [11,12] show that at have now carried out similar experiments to those

temperatures and growth rates similar to those described above for MBE of Si/Si(lll). Ge/
reported here the (100) surface roughness will Si(100) [13] and GaAs on GaAs(100) [14]. at lower
indeed evolve over thicknesses of the order 50-500 temperatures an those normally reported for epi-
A. Annealing to 500'C following growth of a taxy. Fig. 3 shows layers of Si/Si(ll) (with Ge
thickness just less than hP, allows us to deposit a marker) and GaAs/GaAs(100) (with AlAs
further epilayer. up to 2 X h .1 , (so that we can marker) grown at 350 and 240'C. respectively. All
grow 1000 A at 200'C using 4 intermediate flashes of the systems studied to date show limited-thick-
to 500'C: thus the evolution of the surface during ness epitaxy in the low-temperature regime, al-
low temperature growth must be reversible, though with some significant differences. Ge/

Two previous studies have speculated on the Si(100) shows a crystalline-amorphous transition
possibility of a limiting h,, ,. In order to explain even at temperatures where earlier RHEED ex-
the inconsistency between observations of RHEED periments showed Ge/Ge epitaxy occurring to
oscillations on Si(100) at room temperature 112,11] apparently arbitrary thickness, suggesting that hp,
and measurements made on thick films. Aarts and is strain-dependent (possibly through the strain-
Larsen I[1 postulated a breakdown with increas- dependence of the free energy of the crystalline
ing thickness at constant temperature. but did not phase). For Si/Si(lll) the temperature-depen-
provide a model for the phenomenon. More re- dence of h 1,P, is exceptionally steep, so that
centlv. Jorke et al. [71] proposed a model to explain limited-thickness epitaxy is only observable over a
their observed T.,,, based on the continuous build- very narrow temperature range. As can be seen in
up of disorder in the growing film. As they noted, fig. 3. the roughness of the amorphous-crystalline
a limiting hP, at constant temperature is implicit interface produced during limited-thickness epi-
in their model: thus it is tempting to believe that taxy on (111) is considerably geater (= lhc, )

the actual observation of an h~1, , provides some than that in Si/Si(100) (- h.p,) or GaAs/
confirmation of this model. However, other pre- GaAs(100) ( - h,). In GaAs, we also observe a
dictions of their model do not appear to tally with very strong dependence on the Ga/As flux ratio.
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S./S.(111)

Fig. 3. The epitaxial thickness effect (a) in Si/SituI)) (MBE grown at 350*0 e on a Ge marker laver) and (h) in GaAs/GaAslOO)

(2400C, AlAs marker).

with excess Ga producing a much larger hP and thickness epitaxy may be universal in semiconduc-
an abrupt drop in the epitaxial thickness at = tor MBE. In addition, we also note that previous
210'C [14J. These results suggest that limited- studies of plasma-enhanced CVD of Si(lOO) at
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temperatures near 200'C show features consistent centrations in the 10 2
1 cm-' regime, and 10 A

with limited-thickness behaviour [15]. abruptness.
Finally. we address the technological signifi-

cance of our observations of Si MBE. Jorke et al. We would like to thank Stuart Wolff. Randy
[17] recently described experiments on doping Headrick and Len Feldman for a number of use-
100) Si at temperatures below 300'C and found ful discussions.

activation levels of only = 20% for Sb incorpora-
tion at the lotl cm-3 level: thus low temperature References
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Buried, ordered structures: boron in Si(111) and Si(100)

R.L. Headrick. B.E. Weir, A.F.J. Levi, D.J. Eaglesham and L.C. Feldman
.A T&T Bell Lahoratories, Murrav tll, New Jersev 07974. USA

1vwo-dimensional. metastable. ordered structures have been prepared by deposition atop unique surface reconstructions. This
discovers that surface superlattice structures can he buried in crystalline semiconductors suggests possibilities for ordered doping and
ordered alloy structures with new electronic properties. In this paper we summarize our recent results in forming ordered structures of
boron on Sil l(X)) and SiO 1) and the preservation of these structures under subsequent Si deposition.

The first realization of preserving a surface electron diffraction (LEED) and Auger electron
reconstruction under a deposited layer was in the spectroscopy measurements were performed. Fi-
a-Si/Si( 11) system where the complex 7 x 7 nally, the surface was capped with silicon at vari-
structure remained at the interface 'ormed by ous temperatures. All other measurements, includ-
clean Si(l 1l)-7 x 7 and subsequent deposition of ing grazing incidence X-ray diffraction, ion
amorphous silicon (a-Si) [1]. The realization tha" scattering/channeling, transmission electron mi-
ordered surface structures can be preserved at a croscopy, and low temperature (T= 4.2 K) Hall
buried interface suggests possibilities for new effect measurements were done after removing the
metastable materials and interesting two dimen- capped samples from the vacuum system.
sional phenomena. In this paper we describe our Glancing angle X-ray diffraction, scanning tun-
recent observations of buried structures in systems neling microscopy and first-principles theoretical
consisting of ordered boron adsorbates on <I 1 )- calculations have established the structure of the
oriented Si surfaces 12-41. This atomic configura- SiI1)-B-v3 x 03 surface as boron in a sub-
tion behaves electrically as a dopant sheet of atoms surface site. arranged in a 13 × V configuration
with high electrical activity. Similar results have 13.7]. Fig. I shows this site and compared it to the
recently been reported by Akimoto et al. [51 and more common V3 x (, configuration (T4 site) for
Tatsumi et al. [61. In addition, we report new Ga and other adsorbates. The stability of boron in
results of buried ordered boron layers in 100)- the subsurface site relative to the T4 adatom site is
oriented silicon, related to relief of subsurface strain by the mecha-

Samples were prepared in a molecular beam nism of substituting a smaller boron atom for
epitaxy chamber equipped with an electron gun silicon 131.
evaporator to deposit silicon, a quartz-crystal The fact that this ordered structure is main-
thickness monitor. and a Knudsen cell to deposit tained upon room temperature deposition of a-Si
boron from IBO.. Oriented Klll? and <100) Si is shown in fig. 2. which compares the glancing
substrates were prepared bv chemical growth of a angle X-ray diffraction of both the Ga and B
thin protective oxide layer, and then transferred structures. Retention of the strong third order
into the vacuum chamber. Once in the vacuum diffraction intensitv in the boron case clearly indi-
chamber, the oxide was desorbed from the sample cates that the boron retains its 0 X 0 structure
and boron was deposited onto the surface up to a while 6a becomes disordered. Detailed Auger
coverage of between zero and one monolayer, measurements show that the Ga surface segregates
After cooling to room temperature, low energN during Si deposition at room temperature, while

0022-)24M, 91, $35) , 1991 H/sesier S.ence Puhlishers RNY INorth-Holland)
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boron remains in a buried, ordered in configura- Fig. 3. D~ependence of the t surface X-raN diffraction in-
tion. Such segregation behavior is consistent with tegrated intensity as, a function of annealing temperature for
the buried site for boron and an atop site for Ga. the boron v ,3 x v1 surface structure originall\ covered with

A desired configuration would correspond to a-Si I-100) At (filled Inl circles). lso show~n is the temperature

epitaxial Si atop the ordered boron configuration. dependence oif normal incidence channeling for the Si oser-
layer indicating complete epitaxial regrowth at - 5000 C

X-RAY DIFFRACTION S1(1111 f a-
. Two possible methods ot achieving this structure

B /_3. /3are: (I) epitaxial regrowth of the amorphous laver
e G0),/-3./-3r 2

... o ()high temperatJuredeoito of Si for e."-
3 taxial growth. Neither method works ideally in the

Si(11)B-V x Vt3 case. Fig.3 shows the de-
20,crease oif the v3l x vT intensitv with regrowth

z temperature. Epitax\ in the Si overgrown layer is
o indicated bv channeling measurements which indi-

cate crystallization with increasing temperature.
U) ~The X-ray, intensit\ corresponding to the v'_

structure deteriorates with regrow-th. indicating a
disordering of the boron structure as epitaxial
regrowth occurs. High temperature ( - 550) 0 C) de-
position of Si also results in boron disordering and

0 2" 1 0 surface segregation. indicating that the metastable
0 structure associated with the ordered. S&layer is

not stable at Si epitaxy temperatures. A separate
-10 CL 5 5;o 10 series of measurements indicated that the lowest

."11 leg temperature for Sit 11I1I) epitaxy is -400( " C howA-

Fig. 2. Rockirg scan through the I:isurface X-ra\ diffraction ever even at this lo% temperature some boron
rodi for buried boron and gallium surface structures on Sio Itt. disordering occur,,.
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strated in fig. 5 which shows llancing X-ray dif-
fraction intensity from a 350 A Si layer grown at
-400'C on Si(l1)--B-v3i at and then further
annealed.

The X-ray crystal truncation rod method using
- .. " integer h and k but continuous 1, originally devel-

,1 s= oped for determination of surface structures, is
L 8i used to identify this thin film structure. A total of

66 data points in the form of structure factors
Fig. 4. Ball and stick models for the film orientation and 66 data o t in e by nume r c tegrato rs

interface structure for 0 (left) and 0-33 ML (right) boron F,, 1  were obtained by numerical integration of

coserages. The v'3 x V3 reconstruction of the interface is intro- rocking curves and corrected for the Lorentz fac-
duced because boron occupies substitutional sites. occupying tor (sin 20) and active area (sin 20). We com-

ecr. third site in a single monolayer at the interface, pared (10/) crystal truncation rod data for a 350 A
silicon film grown at 400'C and annealed at
10000C for 2 h to structure factors calculated in

An interesting phenomenon is observed for Si the kinematic approximation (fig. 5). The film is
epitaxial growth on the B-vi3 structure at low rotated 1800 with respect to the substrate about
temperatures. Evidently the initial layers of Si the normal (111) axis. forming a single twin at the
epitaxial growth are strongly influenced by the interface. The dashed line is the square of F(h).
Si B interaction, giving rise to a 1800 rotated the structure factor F,,() for the semi-infinite
configuration of the grown laver of Si (fig. 4). The silicon substrate with double-laver termination.
existence of this layer is most strikingly demon- There are three prominent peaks that do not cor-

respond to the substrate. The new peaks are
-C ~accounted for by adding the 350 , thick rotated

, 1041. film into the calculated structure factor. The solid
-<B °line shows the results of a calculation with a 233

ft 1 tmonolayer, rotated layer. The optimum interface
0% separation was d = 2.35 + 0.09 A. i.e. the same as

0 the bull laver spacing. This shows that the simple
:~ I twin rng sequence is the correct interface

1 o structure. Transmission electron microscopy con-
: I -- ~firms this assignment showing that the layer is at

least 90r crsstallographicallv pure [8].
We have recentN reported a ne boron-in-

' I duced (2 x I) surface reconstruction at 1/2 mono-

-0 laver boron coerage on (100> oriented silicon [91.
- - -2 0 2 4 6 To our knowledge this reconstruction has not been

PERPEND;CULAR MOMENTUM TRANSFER reported previousl].. presumably because of the

I ig. 5. Ito) .odcan for a 151) A rotated Si film on Si 1 I. A difficulty in distinguishing the Si( 1I))-(2 x 1 ) clean
four-circle diffractometer and (u Kit radiation %as used for surface from the (2 < 1 ) boron structure. In sharp
the measurement, the diffraction profiles are indexed relatise

to a hexagonal unit ;cll appropriate for the Si) 1l) surface contrast to the results on I 11)-oriented silicon

with in-plane lattice parameters a - h - .1 X4 A and ,,ut-of- discussed above. we find that this reconstruction
plane lattice parameter , = 9.41 A. Ihe hexagonal indices are can be preserved within high-qualit, crv.-tallne
deriied from cubic: indices h, 110/ 1Ih,,. ,11

4221,,h - /lI II j, silicon by low-temperature epitaxial overgrowth at
Roi t ed reflections are indexed h, replacing / h, I Struc- = 3)0( ". For boron coerages at and below the
lure fa ctors at I %ere obtained h the svmmetr, relation completion of tile (2 × I ) surface phase and silicon

I]()/) - IOW -The dashed line is the calculated intensits fron a
"bulk-like tructure. the full line is for a 35) A rotated film overlaver growth temperatures of 3000( and

atop a hulk crstial above. 100% of the boron is electrically active.
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Fig. 6 shows grazing incidence X-ray diffrac- 8 1
tion azimuthal scans through (-0) surface reflec- 301C

tions for two ordered interfaces. The open squares * 300c

are for a 100 k cap grown at room temperature,
and the filled circles are for a 100 A cap grown at (.l os, 100,o
300'C. The boron coverage is 1/2 monolayer in : 600 0

both cases. Comparison of the data demonstrates ["0 ,

that the reconstruction capped at 300C gives a 500 -

factor of two smaller integrated intensity in the
diffraction signal than the reconstruction capped 4.U - •
at room temperature. Boron segregation studies [ __

using Auger electron spectroscopy for films grown 88 89 90 91 92

at 3000 C reveal a broadening of the ideal mono- 5 (DEG)

layer distribution by - 5 A. This is consistent Fig. 6. Comparison of grazing incidence X-ray diffraction
with the observation that 50% of the boron azimuthal scans through the ('0) diffraction spot for Si(]00)-t2

X 1) boron buried structures capped by growth at room tern-
remains in the ordered layer. perature, and at =300'C. The boron coverage was 1/2

Cross-sectional transmission electron micros- monolayer in both cases and the silicon growth rate was 0.1

copy and ion channeling studies show that the 100 A/s. The inset shows a proposed model of the (2 x 1) structure.

Table 1
4.2 K Hall effect results for Si( 111) a-Si interface reconstructions

Reconstruction a-Si thickness T .. -1 Boron coverage ( 10 i4 cm 2) Carrier density Mobility

Initial Final 1A) (,C) SIMS NRA (10' 4 cm 2) (cm2 V r i)

1/3 V3 100 90 34 3.5 2.2 36.6
1 0 60 90 2.6 2.7 1.7 30.5

v3 s3  
50 0 3 1 3.4 1.8 25.9

,3 3 D 1(0 70M 3.4 3.5 3.2 47.9
3 Oxide 4) 90 3.1 3.4 0

3 3D 64) 50)) 2.6 2.7 2.4 31.9
7 7 10 90 0.1 - 0

Table 2

Fim r,-h l ..n-1 Anneal Boron Carrier Mobilit,
thickness (0(-) I(C) time coverage densitN (cm: V 1, 1

(A) (mi) (ML) (ML)

I))0) 300 IN 20 0.44 0.45 21
I00 30 90 20 0.50 (.24 1
100 -10 kki 20 0.50 11.1 3

30X) 30 O ., 3000 0.47 0.12 N9
I IX) 3) 404) I 0.11 0.07 14
I00 _10 4(X) I (.31 0.18 21
100 .30 400 1 0.51 0.32 16
100 34) 400 1 0.93 0.33 1))
100 0 40 60 0.50 0.35 17

Boiled in distilled water.
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A thick films grown at 300°C are high quality the Si(1ll) and Si(100) surfaces. In the Si(100)
crystalline silicon indistinguishable from bulk case epitaxial Si can be grown atop the ordered
silicon, while room temperature growth results in structure. All systems show a high p-type electrical
an amorphous layer. Channeling measurements activity, between 50% and 100% electrically active.
(in (100) normal incidence and <111) off-normal
incidence) using the "B(p, a)5 Be nuclear reaction
to detect boron, show a reduced yield compared to References
random incidence after silicon overgrowth at
3000 C, indicating that boron occupies a substitu-
tional site buried within crystalline material. [11 J.M. Gibson. H.-J. Gossmann, J.C. Bean, R.T. Tung and

We now discuss the electrical activity of boron L.C. Feldman, Phys. Rev. Letters 56 (1986) 355;
H.-J. Gossmann, L.C. Feldman and W.M. Gibson, Phys.

doped silicon structures prepared via the (2 X 1) Rev. Letters 53 (1984) 294; Surface Sci. 155 (1985) 413;
and (3 X ri) reconstruction. Tables I and 2 H-J. Gossmann and L.C. Feldman, Phys. Rev. B32 (1985)
gives carrier densities and mobilities from low 6.

temperature (T= 4.2 K) Hall effect measurements 121 R.L. Headrick, L.C. Feldman and IK. Robinson, Appl.
Phys. Letters 55 (1989) 442.

for silicon overlayers grown at 30 and 300 ' C, and [31 R.L. Headrick, I.K. Robinson, E. Vlieg and L.C. Feld-
annealed at various temperatures. There was no man, Phys. Rev. Letters 63 (1989) 1253.
carrier freeze-out and no significant magnetoresis- [4] R.L. Headrick. A.F.J. Levi, H. Luftman. J. Kovalchick
tance for any of the samples measured. Units of and L.C. Feldman. Phys. Rev. B. to be published.

monolayers are used for clarity, where one mono- 15) K. Akimoto, J. Mizuki, 1. Hirosawa, T. latsumi, H.
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Redistribution of delta-doped Sb in Si

S.J. Fukatsu. S. Kubo, Y. Shiraki and R. Ito
Research Center fir Advanced Science and Technologt, The Unwiersiv of Tokyo. 4-6-I Kornaha, Meguro-ku. Tokyo 153. Japan

Redistribution of delta-doped Sb in Si with various areal concentrations upon post-growth annealing woas investigated by means
of secondary ion mass spectrometry (SIMS). The diffusion profiles are dependent on the initial doping density and non-Gaussian
profiles were obtained except for the lowest-doped sample. The doped layers are stable up to 550 0 C. regardless of the doping
density. For treatment at temperatures higher than 700'C' the upper limit of the doping density was found to be set at 0.01
monolayer (ML). It was also found that there is no cr'stalline quality difference affecting the diffusion of Sb between the
recrsstallized and the MBE-grown layers.

I. Introduction Table 1

Sample characteristics

There has been a growing demand for defining Sample Doping Peak Sb Overlayer (rowth
sharp interfaces between the regions of different density .. concentration thickness mode of

doping levels to an atomic scale. Delta-doping (ML) (cm n) (rm) buffer layer

provides the way to confine dopants to within a a 0.0023 l.gX101 80 MBE

single atomic plane. In such systems, even small b 0.03 2.5 x 10"s 80 MBE

spreading of atoms out of the initial location c 0.06 4.5X10"5  80 MBE
d 0.11 1.3 × 10i 120 MBF

affects the desired properties. A thermal stability d 0.14 1.5 X 10' 120 SPE

study is of primary significance. since the delta- f 1.0 1.2x 10"' 80 MBE

doped structures often encounter high tempera- ML =6.7 9x01
4  

C

ture environments during their growth and b As determined from SIMS.
processing. Aside from the study of the effect of
growth temperatures on the redistribution of the
delta-doped layers in Si [1], we conducted a sys- (MBE) systems [2]. Sample characteristics are
tematic investigation of profile changes during the listed in table 1. The required amount of Sb was

course of post-growth annealing, deposited at around 1000C. The capping layers

In this paper. we report on the diffusion mea- were grown at 550 °C by solid phase epitaxy (SPE)

surements on the delta-doped Sb in Si with vary- The details of the sample preparation were pre-

ing areal concentrations. We demonstrate the sented elsewhere [2]. The samples were furnace-

evolution of unusual diffusion profiles which are annealed at temperatures 7, of 550'C up to

characteristic to the delta-doped impurities. The 950'C for 60 min. in a flowing 94-6 N.: H.

structural stability of delta-doped layers is dis- ambient.

cussed, where we set the upper limit on the doping
level for practical use. 3. Results

2. Experimental Fig. I shows the atomic distributions of Sb in
sample c with a moderate Sb concentration. The

The samples used in this study were grown on full width at half maximum (FWHM) of the as-
Si(100) substrates in Si molecular beam epitaxy grown profile is comparable to the resolution limit

0022-0248/91/SO3.50 1991 - Elsevier Science Publishers B.V. (North-Hollandl
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0.06ML 1.0ML

950* .C 950C

900oC -- 9000c
V 0
0 C.D
o W

, * • 850°C ,

C50°C

0 800°C 850'8
o 0
C

05,
2 .. 75. C 0 90

650 m 80000._j ,'., 650"C /

550¢ Cas grown

.''. . sgrown
.0ro 0 80 160 240

I if Depth ( nm

0 40 80 120 160 200 240
Fig. 2. Diffusion profiles of Sb in sample f (1.0 ML). The kink

Depth ( nm) appears at 750< T <800 
0 C. The remnant of the doping

Fig. 1.. SIMS profiles of Sb after isochronal annealing in spike, 20 nm in width, is still observed at 950'C. Shoulder

sample c t0.06 MU). Anneal temperature is shown at the foot shapes are obliterated by and superposed on the segregation

of the individual profile. Kink develops at around 710'C. profile at the surface side of the spike.

Segregation at the SiO,/Si interface is seen in the uppermost
profile.

of the profiling. Above 650'C. significant spread- 0.0023ML
ing was observed and a pronounced kink was
developed. The profile is a superposition of two " A , .950* c

components, one pinned at the original spike while
the other (shoulders) extended into the neighbor-
ing regions. Concomitantly, preferential move-
ment of Sb atoms toward the surface sets in, 850 C

leading to their pile-up at the SiO 2/Si interface. 0 1 800°C
The situation is more pronounced in the profile at C

= 950*C. Profile changes in samples b, d and e 2oA 75000

are qualitatively the same, although the kink de-o-A ..
veloping temperatures are slightly different. On -I IW .7000C

the other hand. the spike persists even at 950°C . as grown
with a 20 nm wide peak in sample f with I ML Sb 111.4111---

(fig. 2). The lowest-doped sample a, in contrast, 80 160 240
shows only small spreading at the spike, followed Depth ( nm )

by surface segregation at temperatures of up to Fig. 3. Diffusion profiles of Sb in sample a (0.0023 ML). Kink

950 °C. as shown in fig. 3. development is not observed.
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10-14 4. Discussion
A 80 0 "C
A 750 CA 750'C The diffusion mechanism seems complicated
o 725"C

E10- * - 710"C and the diffusivity is not described by a simple
M o. %11- representation. The smaller activation erergy for

Z'. , the less mobile Sb's suggests that interstitial-re-
•1- A A lated and vacancy mechanisms operate for Sb's at

A 0 0 0 '0 ,oL the spike and at the shoulders, respectively. In
0 o o , , . 00 A addition, the fractional exponent indicates that

0-17 0 the atomic spacing of Sb plays a role for the kink

1016 1O loll 1019 to develop. The kink may arise from the dopant
aggregate or the two-stream diffusion [4]. TheSb concentration ( cm-3 ) former can be applied to sample f [6], but a Hall

Fig. 4. Calculated diffusivity of Sb as a function of Sb con- measurement excludes the possibility of aggrega-
centration at various temperatures. Note that the bulk diffusiv- tion in samples with lower concentrations [2]. De-
ity at any specific temperature is much smaller than the
calculation. The kink concentration (indicated by the broken tailed electrical measurements on the activity of
curve) is an order of magnitude smaller than the solid soluhil- Sb atoms are now under way. The aggregate is

itv limit. again unlikely since the kink concentration is much
lower than the solid solubility limit. The two-

stream diffusion model requires that two almost
independent diffusion mechanisms with different

We evaluated the net diffusivity D of Sb atoms diffusivities operate, and the slower of them must
according to the Boltzmann-Matano analysis [3]: be the majority. This. alternatively, means that the

XC(X. t) matrix should have many defects. A prominent
D(C) - - 2t 3C( X, t)/at" example is seen in an ion-implanted B in Si [4].

But the requisite condition is not fully satisfied in
where X denotes the distance from the spike, t the the samples studied, since they are not so much
time and C :he concentration. Figure 4 shows the defective. Although we considered other possibili-
diffusivity calculated from the profile at the surface ties, such as the substitutional-interstitial mecha-
side of the spike in sample d against the Sb nism or pair diffusion, none of them satisfactorily
concentration, n(Sb). The calculation gives values explains the observation. In order to give a full
larger than the bulk diffusivity [4] and concentra- account for the diffusion behavior, a new mecha-
tion dependence appears over n(Sb) -5 x 1017 nism related to the strain modulation, due to
cm -3. The kink concentration (indicated by the atomic size difference between Sb and Si, should
broken curve) is weakly temperature dependent be taken into account. Further study is now in
and is by an order of magnitude lower than the progress.
solid solubility limit of Sb in Si [5]. The uprise Next. we discuss the structural stability of the
approximately follows a curve with a fractional doped layers. Diffusion profiles at T = 550 0 C in
exponent as n(Sb)/ 3 , for 710 < T < 8500 C. in all samples exhibited negligible spreading within
contrast to the result on Be and Zn in GaAs with the measurement resolution. It is thus concluded
integral concentration exponents 14]. that the structural integrity is maintained up to

The activation energy was evaluated from the the SPE growth temperature (5500C) regardless
temperature dependence of the profile width, and of the initial doping density. On the other hand.
two activation energies of 0.4-0.6 and 0.8 eV were we note small spreading in the lowest-doped sam-
obtained for Sb atoms pinned at the spike and for pie for 700 < T < 8500 C, compared to the com-
those extended, respectively. It should be pointed plex and significant broadening of the profiles in
out that they are much smaller than that in the samples with higher doping densities. This, in
bulk. 4 eV [5]. turn. sets the upper limit on the doping level at as
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high as 0.01 ML for device applications requiring Acknowledgements
high-temperature treatment.
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Dopant incorporation in epitaxial germanium grown on Ge(100)
substrates by MBE

V.P. Kesan, S.S. Iyer and J.M. Cotte
IBM Research Division, TJ. Watson Research Center, Yorktown Heights, New York 10598, USA

We have conducted the first studies of dopant incorporation (gallium, boron, and antimony) in MBE germanium grown on
Gef100) substrates. Excellent germanium films have been grown on Ge substrates with little demarcation of the substrate-epi
interface. A first order kinetic incorporation model has been used to describe the behavior of gallium in germanium. Gallium doping
of germanium takes place through an adlayer at the growth front and between growth temperatures of 450 and 550 C successful
p-doping of germanium by gallium can be accomplished. Boron is an excellent p-dopant in germanium with good activation at high
concentrations and sharp transition profiles. The incorporation of antimony in germanium at growth temperatures > 450 °C is poor
and needs further investigation.

I. Introduction wafers were then etched in H,0 2 for 3 min while
stirring continuously, and then rinsed in de-ionized

There is renewed interest in germanium-based water. This was followed by a quick dip in 1: 10
devices for FET and bipolar applications. High HF: H20 for 10 s which leaves the wafer surface
carrier mobilities at room temperature and 77 K, hydrophobic and then loaded into the MBE sys-
superior projected high frequency performance, tem. The wafers were heated at 650°C for 1-2
and the possibility of a wide bandgap silicon min in the MBE growth system just prior to
emitter are some of the advantages of a growth. It is important to keep this step short,
germanium-based technology, since long term heating of Ge wafers at high

There have been several studies describing temperatures before growth results in a rough,
growth of Ge on GaAs or vice versa by MBE undulating substrate (see fig. 1). Fig. 1 shows a
[1- 31. Attempts to grow gallium-doped germanium cross-sectional TEM of a boron-doped Ge film
layers on GaAs have been quite unsuccessful, with grown at 450 °C on such a Ge substrate and
poor dopant activation [3]. In this paper we report subsequent growth on this rough Ge substrate is
the first studies of both p-type (gallium- and seen to cover the rough substrate-epi interface.
boron-doped) and n-type (antimony-doped) dop- Also, germanium films grown at high (> 650 0 C)
ing in MBE germanium grown on Ge(100) sub- temperatures exhibit poor morphology. Fig. 2
strates. shows a cross-sectional TEM of a boron-doped Ge

film grown at 450 0 C on a Ge substrate cleaned
using the procedure described above. The sub-

2. Substrate preparation and growth conditions strate-epi interface is significantly better than in
fig. 1. The excellent quality of the epitaxial

Ge(100) substrates were cleaned using a mod- boron-doped Ge layer is also evident in fig. 2.
ified RCA clean suitable for germanium. The first Germanium films grown at temperatures between
step consisted of a degrease in a 1 :1 :4 solution of 350-550 * C on Ge substrates consistently resulted
HCI : H 2 0 2 : H 20 at room temperature for 3 min in excellent epitaxial layers.
followed by a rinse in de-ionized water. The Ge In order to study the incorporation of p and n

0022-0248/91/$03.50 O 1991 - Elsevier Science Publishers B.V. (North-Holland)
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Fig. 1. Cross-sectional TEM micrograph of a boron-doped Ge film grown on a Ge substrate at 450"C. Prior to growth, the Ge
substrate was taken to elevated temperatures ( > 650 ° C), which results in a rough, undulating, substrate-epi interface.

dopants in MBE grown germanium, effusion cell and undoped layers in spreading resistance pro-
sources were used for antimony and gallium, and files are often inaccurate particularly when the
boron doping was achieved with a custom e-beam layer thicknesses are less than 0.5 p m. Absolute
source. The Ge layers were analyzed using SIMS, values of carrier concentration in the SRA profiles
spreading resistance analysis (SRA), and planar are within +20%. A kinetic model for dopant
and cross-sectional TEM. The spreading resistance incorporation was used to analyze the observed
profiles were primarily used to determine dopant doping behavior in germanium, and this is de-
activation only, since the transition between doped scribed in the next section.

Fig. 2. Cros-secional TEM micrograph of a boron-doped Ge film grown on a Ge substrate at 450°C. Prior to growth the Ge
substrate was cleaned using a modified RCA clean suitable for germanium and the improved substrate-epi interface (compared to

fig. I) is evident.

rI
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3 Model for dopant incorporation Let us now consider a clean host surface and
apply a step flux, Fo; i.e., at t < 0, FD = 0 and at

The kinetics of spontaneous dopant incorpora- t 2n 0, FD = Fo . We then have
tion during epitaxial germanium growth by MBE
can be described by a simple adsorption-incorpo- dN 0 s/dt = Fo - (K, + KD)NDs' (Ba)
ration-desorption model (4]. In the most general NDS()- FD (I - KKD)t) (8b)
form this is K, + KD

dN 0 s/dt = F, - YKD,( Nos) P - KNos, (1) The time constant of importance here, T, is given
P by

where NDs is the surface concentration of the " = (K, + K 0 )-'. (9)
adsorbed dopant species at the growth front, F,
is the dopant flux, KD is the desorption coeffi- and is the characteristic dopant incorporation time.
cient, p is the order of desorption, and K, is the When the Ge-dopant system is subjected to a
incorporation coefficient. The incorporation and sudden change of flux, the system approaches its
desorption processes are activated processes with new steady state in an exponential manner in
characteristic energies associated with them. Eq. time. The initial rate of approach is given by 1/T.
(1) can be solved once a value for p is chosen. Since the incorporation rate follows the surface

The case p = 1 is the most relevant and has concentration behavior, the bulk doping con-
been used to describe dopant incorporation in centration as a function of time is
silicon [4]. Eq. (1) then reduces to NF 0(t )  = S- FD- No( I- exp[ - (K I + K )t .

dNts/d = Ft) - KN[)N)s - KIN). (2) N () S N°" x

Analyzing eq. (2) in the steady state, i.e., with (10)

dNos/d = 0, we get If the growth rate is constant the temporal varia-

Nrs = F)l/( K0) + Ks). (3) tion is easily transformed to a spatial variation by

Once steady state has been reached, the number of x = 11, (11)
incident atoms per second is equal to the sum of where x is the coordinate of film thickness and v
those that desorb and incorporate per second. the velocity of growth. This velocity is given by
Hence, the rate of incorporation is given by

dN.,Ijdt= K, F[/( KI) + K,). (4) v= F;INO" (12)

The rate of the number of atoms that incorporate Hence,

to those that are incident, on a per unit time basis NF ( x =L D N,1 - exp[ xI +K
in steady state, is the sticking coefficient. s. Thus -, F -- 1V

dNjdi K( (13)

= F - K I + k'" 5 In the above transient analysis we have assumed

The resultant steady state bulk doping con- that K, and K, are constants, which means that
centration Nl)R in the epitaxial Ge film is given by the temperature is constant and there are no

dN,n,/dt saturation effects. The quantity [(K, + KDO)/t I
Non F No . (6) = A is the spatial counterpart of r. It representsthe thickness of film over which variations in

where N is the number of germanium atoms per doping density occur in response to sudden

cm' . Simplifying eq. (6), we get changes in doping flux. Further, both T and A
become smaller as the temperature of growth is

NI)8=v(F)/F)No. (7) increased.

i£2. ... .... ... .
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The dopant and germanium fluxes are de- not readily incorporate in germanium and instead
termined from growth rates and effusion cell doping takes place through the formation of an
calibration. The characteristic dopant incorpora- adlayer at the growth front. Fig. 3a shows the
tion time, Tr. can be determined from the slope of SIMS profile of a 4000 A Ga doped Ge layer
the trailing/leading edge of the dopant profile in grown on a 1000 A undoped Ge buffer with a
the epitaxial Ge layer and from eqs. (7) and (13). 1000 A undoped Ge cap at 550'C. The transition
Using eqs. (3) and (9), we can determine the between the doped and undoped layers on the
surface concentration of the adsorbed dopant leading and trailing edges of the Ga doped film is
species, NOB. The incorporation coefficient, K1, gradual clearly indicating incorporation from an
can then be determined from eqs. (3), (7), and (9). adlayer at the growing surface. Fig. 3b, which
Since T is known, we can now compute the de- shows a spreading resistance profile of the same
sorption coefficient, KD, and the sticking coeffi- layers seen in fig. 3a, indicates about 22% gallium
cient. s. This model is now applied to study gal- activation in the doped germanium layer. Also
lium incorporation in germanium. seen is some gallium segregation at the Ge sub-

strate-epi interface and fig. 3b shows this gallium
at the interface to be active. In addition to thick

4. Gallium doping of germanium Ga doped Ge films, 1000 A Ga doped Ge films
separated by 1000 A undoped layers were grown

The gallium K-cell was calibrated by growing at different growth temperatures between 350'C
amorphous Si films at 250 0 C and a wide range of and 550*C at different Ga fluxes. Fig. 4a shows
gallium flux from 1010_10t3 atoms/cm2 . s have the SIMS profile of such a film with a total
been examined in these experiments. Gallium does thickness of 1.1 urm and grown at 550'C. A
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Fig. 3. (a) SIMS profile of a 4000 A Ga-doped Ga layer grown on a 1000 A undoped Ge buffer with a 1000 A undoped Ge cap at
550*C. The transition between the doped and undoped layers on the leading and trailing edges of the Ge-doped film is gradual,
indicating incorporation from an adlayer at the growing surface. (b) Spreading resistance (SRA) profile of the same sample as in (a).
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Fig. 4. (a) SIMS profile of 1000 A Ga-doped Ge films separated by 1000 A undoped layers grown at 550 *C at different Ga fluxes.
The total film thickness is 1.1 pm. (b) Spreading resistance profile of the same film as seen in (a).

spreading resistance profile of the same film is nitude larger than in films grown at 4500C. The
seen in fig. 4b. Ga doped Ge layers similar to the activation energy for incorporation obtained from
ones shown in figs. 3 and 4 were grown at differ- a plot of K, versus I/T was found to be ap-
ent temperatures and their SIMS and SRA pro-
files were analyzed using the model described in 1o-..
the previous section. T w 45o*c

The characteristic dopant incorporation time, 0 550*C

,. for a growth temperature of 450 * C was 150-250 T

s and at 550'C, T was 50-100 s. Fig. 5 shows the W I0-2

incorporation coefficient, KI, for two different
growth temperatures as a function of surface gal- 0
lium concentration. NDB. The incorporation coef- z
ficient is constant with increasing surface coverage 2 _-

indicating that an increase in surface gallium con-
CLcentration translates directly into higher incorpo- X

ration in the bulk layer (see eqs. (5) and (7)). In U
addition, fig. 5 shows that no saturation effects (as 10-4_...___.... ___..... __...

indicated by a decreasing K,) are observed for 10 1012 Io3 014 
1o
'
5

surface coverages up to 0.5-1.0 ml. The incorpora- ADSORBED SURFACE GALLIUM CONCENTRATION
tion coefficient also increases by almost an order (atoms/Cm

2
)

of magnitude between growth at 450 and 550'C, Fig. 5. Incorporation coefficient. K I, for two different growth

and hence the resulting gallium concentration in temperatures as a function of surface gallium concentration.

films grown at 550*C is almost an order of mag- ,VDB.

I!
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1.2 7". -T-, .... ... atoms breaking away from the periphery of these
m 450C clusters and surface diffusing to an available

1.0 0 550C l/ nearby kink site. If this mechanism were true, then
2 0 /- the activation energy for incorporation obtained

0.a/ / in our experiments should match data on the/ " surface diffusion activation energy for gallium onz
9o 0.6 o germanium. The desorption coefficient, K , , was

- less than 5 x 10- and the sticking coefficient, s,
01 0.4 for gallium on germanium was between 0.25 and

1.0 for the entire range of growth conditions ex-
02 amined.

Fig. 6 shows a plot of the activation ratio
0.0 -. - obtained from SIMS and SRA data for two differ-

1016 10 17 1018 019 1020 1021 ent growth temperatures as a function of the SIMS
ATOMIC CONCENTRATION (cm- 3

) atomic doping concentration. The dopant activa-
Fig. 6. Activation ratio obtained from SIMS and SRA data for tion of gallium increases with increasing atomic
two different growth temperatures as a function of the SIMS concentration and reaches unity at doping levels

atomic doping concentration, greater than 1019 cm - 3 . The unity activation at

high doping maybe due to band-tailing effects.
proximately 1.3 eV. This value is very similar to The poor activation at higher growth tempera-
the activation energy for incorporation of gallium tures, for a particular value of atomic concentra-
in silicon 15]. This suggests that gallium incorpora- tion (see fig. 6), may be attributed to the fact that
tion in germanium, like in silicon, involves the there is increased clustering of gallium atoms at
clustering of gallium atoms on the surface, with the surface at higher temperatures. Here, it is
subsequent incorporation proceeding by gallium important to note that no gallium precipitates

a
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Fig. 7. (a) SIMS profile of a 4000 , boron-doped Ge film grown on a 500 A undoped buffer at 450'C. (b) The corresponding
spreading resistance profile of the same sample.
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Fig. 8. (a) SIMS profile of 500 A boron-doped germanium pulses separated by 500 A undoped Ge layers grown at 450' C. (b) SRA
profile of the same sample.

were seen in cross-sectional TEM even at the SRA and SIMS profiles in figs. 7 and 8. it is can
highest doping levels obtained of 1020cm- .While be seen that 85-100% of the boron in germanium
growth at high temperatures around 550 *C may is active. Fig. 2, which shows a TEM cross-section
result in increased dopant incorporation, the frac- of a boron-doped Ge film, also points to the
tion that is active is actually reduced compared to excellent quality of these layers. Hence, boron is
gro', th at 450'C. Thus the window for optimal clearly the preferred p-dopant in germanium and
growth of gallium doped Ge films is quite small, uniform doping profiles at high concentrations
between 450 and 550*C. Through the use of with sharp transitions can be achieved.
pre-buildup and flash-off techniques (4], it may be
possible to obtain gallium doped germanium with
sharp transition profiles. 6. Antimon) doping of germanium

The antimony K-cell was calibrated using
5. Boron doping of germanium amorphous Si films grown at 250 *C and a wide

range of antimony flux from 1011 to 5 X 1013
Boron doping of germanium was accomplished atoms/cm2 . s were examined. Fig. 9 shows the

using an e-beam source for boron. Fig. 7a shows SIMS profile of a 0.9 jim Ge film intended to
the SIMS profile of a 4000 A boron-doped Ge produce 1000 A thick antimony-doped Ge pulses
film grown on a 500 A undoped buffer at 450 °C separated by 1000 A undoped Ge layers and grown
and fig. 7b shows the corresponding spreading at 450 oC. The leading edge transition of the first
resistance profile. Fig. 8a shows the SIMS profile antimony-doped layer is sharp, but over a wide
of a sample with 500 A boron-doped germanium range of surface coverage, the bulk antimony dop-
pulses separated by 500 A undoped Ge layers and ing concentration is relatively constant and does
fig. 8b shows the SRA profile of the same sample. not turn off even when the surface atomic con-
The limited dynamic doping range seen in this centration of antimony is not replenished during
film is due to our custom e-beam source. The growth of the undoped Ge layers. Th same film as
interfacial boron spike [6] can be seen in both shown in fig. 9, when grown at 550 'C, results in
samples shown in figs. 7 and 8. By comparing the lower bulk antimony concentration. SRA profiles

& --------------------------------- . I
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o19  , , fims grown at such low temperatures is corre-
spondingly higher. Clearly, antimony doping of
germanium does not proceed along similar lines as
in silicon and will be studied in greater detail in
the future.

E

S - KCEL 7. Conclusion
.F ANTIMONY K-CELL

z SHUTTER OPEN

0
" ANTIMONY K-CELL In summary, we have studied dopant incorpo-

SHUTTER CLOSED ration (gallium, boron, and antimony) in MBE

zW 1017 425 germanium grown on Ge(100) substrates. Excel-
o _75 lent germanium films have been grown on Ge
o .substrates with little demarcation of the sub-

- 275 z strate-epi interface. Gallium doping of germanium

z i takes place through an adlayer at the growth front,2 CL and between growth temperatures of 450 *C and

L~ ~~ ,"W":, 550*C, successful p-doping of germanium by gal-

0160 0L 4 0.6 0.8 1.0 Sblium can be accomplished. Boron is an excellent0.0 0.20.0.0810
DEPTH (pm) p-dopant in germanium with good activation at

Fig. 9. SIMS profile of a 0.9 pm Ge film intended to produce high concentrations and sharp transition profiles.
1000 A thick antimony-duped Ge pulses separated by 1000 k The incorporation of antimony in germanium at
undoped Ge layers and grown at 450*C. The antimony K-cell growth temperatures > 450 °C is poor. Further
temperature during growth and the K-cell shutter status is reduction in the growth temperature to around

shown in the inset. 300 * C may increase antimony incorporation, with

a penalty of increasing defect density in these
films.

on these samples showed 20-30% activation of the
antimony in the germanium layers. Fig. 10 shows
a TEM cross-section of the same sample described
in fig. 9. A number of "hair-pin" defects of stack- Acknowledgements
ing faults can be secn at the top of the film. It may
be possible to achieve spontaneous antimony in- We would like to acknowledge the excellent
corporation by reducing the growth temperature technical assistance of Bruce Ek and F.K. LeGoues
to around 3000C, but the defect density in Ge for the invaluable TEM work.

Fig. 10. TEM cross-section of the same sample described in fig. 9. A number of "hair-pin" defects of stacking faults can be seen at
the top of the film.
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B doping effect on gas source Si-MBE growth: a comparison of B2H6

gas doping and HBO2 Knudsen cell doping

Hiroyuki Hirayama *, Masayuki Hiroi. Kazuhisa Koyama and Toru Tatsumi
Microelectronics Research Laboratories. NEC Corporation, Mivazaki 4-1-1, Miyamae-ku. Kawasakt 213. Japan

In Si, H 6 gas source Si-MBE, B doping is achieved using HBO2 Knudsen cell or B2H 6 gas dopant. B doping effect on gas source
Si-MBE growth was studied for these two different doping sources. At high B doping using HBO 2 cell, RHEED intensity oscillation
was found to extinguish. This is thought to be due to the scattering for Si, H 6 surface migration by B adsorbates from HBO, cell on a
growing surface. In fact. RHEED oscillation extinguished for B adsorption of 0.15 monolayer on Si(100) surfaces, whereas the
oscillation continued on Si(ll 1) F3 x 1"3-B in which B occupies a subsurface site under the top layer. On the other hand, RHEED
oscillation did not extinguish in BH 6 gas doping. This is because BH 6 is incorporated into the epitaxial layer via the same process
as SiH 6.

I. Introduction using B2H 6 as a gas dopant source. The similar
molecular structure of B2 H6 as Si 2H 6 perhaps will

For a high speed bipolar transistor fabrication, have the same incorporation mechanism to Si2H ,

precise controls for the film thickness and doping which enables the selective doping. In this study,
profile of the collector, base and emitter layers are the effect of B doping on gas source Si-MBE
essential. From these view points, Si molecular growth was studied using BH 6 gas. This effect
beam epitaxy (Si-MBE) is a promising technique. was compared with that of the conventional HBO.
Si-MBE has such advantages of low epitaxial cell doping.
growth temperature, good film thickness control
in monolayer scale, and an abruptness in doping
profile [1-3]. However, in addition to these ad- 2 Experimental apparatus
vantages, a selective epitaxial growth for self-
aligned processing is strongly desired in recent
large scale integrated (LSI) circuit technology. But, The experimental apparatus is schematically
unfortunately, a selective epitaxial growth is very shown in fig. 1. The MBE chamber consists of a

difficult in conventional electron-gun evaporator HBO2 Knudsen cell for solid source B doping, a
type Si-MBE. To make this selective epitaxial gas cell for gas source Si-MBE growth and gas

growth possible. the authors had studied gas source doping, an electron cyclotron resonance (ECR)

Si-MBE [4- 6]. cell for low temperature surface cleaning [81 and

In gas source Si-MBE, selective epitaxial growth surface H-termination [9], a reflection high energy

has been found to be possible. But, for self-aligned electron diffraction (RHEED) gun and a fluo-

processing, a selective doping technique is also rescent screen. RHEED intensity oscillations were

required. Therefore, we devised an original gas observed with an aperture and'a photomultiplier

mixing system [7] and studied B doping method system [10]. Four-inch Si(100) and Si(lll) wafers
were used as substrates. B doping was achieved
using HBO2 or B2H6 gas. The effect of the B

Present address: Fritz-Haber-institut der Max-Planck-Ge- doping on gas source Si-MBE growth was moni-
sellschaft, Faradayweg 4-6, W-1000 Berlin 33, Germany. tored by RHEED intensity oscillation. The oscilla-

0022-0248/91/$03.50 1 1991 - Elsevier Science Publishers B.V. (North-Holland)
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G~ohCtWTW at Si dangling bond sites [12-141. With the in-
creasing doping concentration, the B coverage on

Sc/e _the surface increases. Therefore, at high dopings,
all surface dangling bonds may be terminated by

_eo-G on-G. B. In this case, gas source Si-MBE growth stops

c[s and the RHEED oscillation extinguishes. The

/~-s~~Go, other possible reason is the retardation of the.1 o Cal ~ Gos MWx

, ,,,Si 2 H6 surface migration by B atoms. In some
&h previous studies on Si2 H6 adsorption, a precursor

SH& state of SiH 6 has been reported [12]. As a first
GV VL' step for the dissociative adsorption, Si 2 H 6 ad-

sorbs molecularly in the precursor state. After the
surface migration, Si 2 6 dissociates at a dangling
bond site and contributes to the epitaxial growth

Fig. 1. Gas source Si-MBE apparatus. [14]. B adsorbates hinder the surface migration
and the following two-dimensional growth. At high
B doping concentrations, the scattering becomes

tion was measured concerning a specular spot. dominant, which may causes the extinction of
Gas source Si-MBE growth was performed using RHEED oscillation.
100% SiH 6. B gas doping was achieved using 5% In 10211 cm - doping dilutions, the inter-dis-
B2H6 diluted by H. These gas flow rates were tance between B dopants is in the order of a few
controlled by a gas mixing system [7]. These gas nms, and B's are not expected to terminate all
were first introduced to the subchamber, and then dangling bonds. Therefore, the extinction of the
supplied to the growth chamber through the gas RHEED oscillation at high B doping is thought to
cell. The subchamber worked as a buffer chamber. be due to the retardation of surface migration by
The growth chamber pressure was less than 2 x B adsorbates. This was also confirmed by the
10 5 Torr, though it depended on the source gas following two experiments.
flow rate to the growth chamber. RHEED oscillation for non-doped gas source

Si-MBE growth was measured on Si(100) surfaces

3. HBO, cell doping effect

RHEED intensity oscillations on Si(100) sur-
faces were observed during gas source Si-MBE
growth with HBO2 [11]. Experimental results are
shown in fig. 2. In this study, B doping was X 1 CM 3

achieved with a constant B2H6 flow rate or HBO,
beam intensity. The doping concentration was in- 2 ,
creased by decreasing the Si,H, flow rate. The 1X1 3
substrate temperature was kept at 512 0C. As
shown in the right-hand side of fig. 2, oscillations
were observed without HBO2 doping. But, at high
B doping above cm k the oscillation ex- 5xl'°

"

tinguished. There are two possibic reasons for this
extinction of RHEED oscillation. One reason is
that the surface dangling bonds are terminated by Ts=512.C

B dopant atoms. Gas source Si-MBE growth is Fig. 2. RHEED oscillation during HBO2 Knudsen cell and

governed by the dissociative adsorption of Si 2 H6 RH, gas doping.



858 H. Hirayama el t. / B doping effect on gas source Si-MBE growth

which have a B coverage between 0 and 0.2 mono- rate was fixed at 0.1 SCCM. whereas the SiH,
layer. No RHEED oscillation was observed at the flow rate was varied in the range between 0 and 70
coverage above 0.15 monolayer. This result sug- SCCM. As shown in the figure. the B concentra-
gests that the extinction of RHEED oscillation tion was found to be proportional to the B2H,/
was caused by the retardation of surface migra- SiH 6 ratio. However, here we must pay attention
tion. to the Si,H 6 flow rate dependence of the growth

RHEED oscillation for non-doped gas source rate 17,10]. For SiH6 flow rate below 30 SCCM,
Si-MBE growth was also measured on Si(111) the growth rate increased linearly with the flow
surfaces with a 1/3 monolayer B. The 1/3 mono- rate. But, for the SiH 6 rates above 30 SCCM. the
layer B formed Vr x v/3-B surface superstructure growth rate did not depend on the flow rate. This
at 800'C, while a I x I surface structure was is because that gas source Si-MBE has two corn-
observed at room temperature [15]. The RHEED peting rate-limiting steps [10]. One iF the SiH,
oscillation was observed on B-Si(11) 3 x V3, incidence. The other is the H thermal desorption
whereas the oscillation was not observed on Si(l 11) from the growing surfaces. For large flow rates,
I X I-B. On the B-Si(11) V3 X v/3- surface. B the SiH 6 incident rate exceeds the H desorption
occupies a subsurface site under the top layer [16]. rate. In this case, the H desorption becomes a
The subsurface site B atom does not scatter the rate-limiting step and thus the growth rate does
surface migration. On the other hand, B adsorbed not depends on the Si 2 H, flow rate. For low flow
on the top surface gives a B-Si(ll) I X I struc- rates, the Si.H 6 incident rate is the rate-limiting
ture. The special B site for the B-Si(I)I) VT x Vr process, where the growth rate is proportional to
structure is the reason for RHEED oscillation in the Si.Ht flow rate. However, the B doping con-
spite of its large B coverage (1/3 monolayer). This centration is proportional to the BH,/SiH,
experimental result also supports that the extinc- ratio, independent of the two different rate-limit-
tion of RHEED oscillation is due to the retarda- ing processes. This experimental result suggests
tion of surface migration by B adatoms. that BH A is incorporated into the epitaxial film

by the same adsorption process as that for SiH,.
Specifically, BH, adsorbs in a precursor state,

4. B2H6 gas doping effect and after migration. the B,H, dissociates at surface
dangling bonds and is incorporated into the epi-

Using B,H 6, B doping is also possible in gas taxial film.
source Si-MBE. An example of B,H, gas doping RHEED oscillation for B.H, gas doping was
is shown in fig. 3. In this experiment, the substrate also measured on Si(100) surfaces. Results are
temperature was kept at 5610C. The B.H6 flow shown in fig. 2. As shown in the figure. for B

doping concentrations above 1020 cm - 3, the oscil-
lation for the HBO, cell doping extinguished.

__-_whereas the oscillation for the B.H 6 doping still
19 -persisted. The extinction for the HBO, cell doping

1 0.1/30 / is caused by the retardation of the surface migra-
tion by B adsobates. In HBO. cell doping, B

0.1/50 0.110 atoms adsorb directly on Si(100) surface and act

10 as scattering centers in surface migration. On the
, contrary. B2 H6 is thought to have the same ad-

0./7 sorption process as Si, H, Namely, B, H, migrates
17in a precursor state, and then is incorporated by

0.0o1 0.01 the subsequent dissociation at dangling bond sites.

In the latter case, all B atoms are incorporated in

1 ,t/VSI Flow RAts ROW the epitaxial layer and there are no B atoms on the
Fig. 3. B doping concentration in B2IH-, gas doping. growing surface. This is thought to be the reason
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why the oscillation persists only for the BH 6 gas References
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Limitations of selective epitaxial growth conditions in gas-source MBE
using SiH 6
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and

Junro Sakai
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The limiting conditions of selective epitaxial growth (SEG) on SiO patterned Si(O01) substrate were studied for Si gas-source
mohcular beam epitaxy (MBE) by use of 100% Si,H6.In the initial stage of growth. epitaxial Si was selectively grown on a Si surface
in the temperature range of 500 to 850*C. On the other hand. polycrystalline Si nucleation on a SiO, surface was intimately related
to the impinging density of the SiH, molecules on SiO2, so that SEG was limited by the supply gas volume. Under optimum SEG
conditions such as substrate temperature of 700 *C and Si, H flow rate of 60 SCCM. a SEG layer could be deposited at a rate as
high as 645 A/ min.

I. Introduction succeeded in SEG in a gas-source MBE system
with SiH 4 and SiH,. Gas-source MBE is one of

Silicon gas-source molecular beam epitaxy the most promising methods for low temperature
(MBE) using SiH, has many advantages such as SEG. However, Hirayama et al. [3] reported that
low temperature process, no spitting defect, high SEG conditions were restricted to the low molecu-
growth rate, and selective epitaxial growth (SEG) lar beam intensity and consequently the growth
on SiO, patterned Si. Especially. SEG is one of rate was very low.
the most important technologies for fabricating In this study, we tried to find the critical condi-
future ultra-large scale integration circuits (UL- tions of Si-SEG on a SiO 2 patterned Si(001) sub-
SIs). strate in a gas-source MBE system by use of pure

Several papers have been reported on SEG by Si2 H6.
chemical vapor deposition (CVD), low or ultra-low
pressure CVD (LP-, ULP-CVD) using SiH 4,
SiH 4/H2/ HCI, SiCI 4/HCI/H2, SiH 2CI2/HCI/ 2. Experimental
H,, SiH 4/H 2, and SiHCI,/HCI/H 2 systems.
Yew and Reif [1] reported that the SEG tempera- Fig. I shows a schematic diagram of the gas-
ture using HCI should be higher than 900*C. source MBE system (ANELVA GBE-620), which
However, they found also low temperature SEG consists of a loadlock chamber and a growth
by using ULPCVD of SiH 4 . Hirayama et al. [2,3] chamber with liquid nitrogen shrouds. The growth

0022.0248/91/S03.50 f- 1991 - Elsevier Science Publishers B.V. (North-Holland)
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SLESTRATE HEATING electron microscope (SEM), and the cross sec-
IID~l NITROGEN ROTATING SYSTEMS-D . tional structure of the film was observed by trans-

- E D1) |mission electron microscope (TEM).

-NIG
_C4<"H CHAMBER 3. Results and discussions
-TM P

TM P The SEM images of the perfect SEG film and
the imperfect SEG film are shown in figs. 2a and
2b, respectively. The films were deposited at

MFC 700 0 C with Si 2 H 6 flow rate of 15 SCCM for 4

.. REGU.ATER min (fig. 2a) and 22 min (fig. 2b) growth. The
thicknesses of the epitaxial layer were 640 A (fig.

Si2H6 CYLINDER 2a) and 3000 A (fig. 2b). When the RHEED
pattern showed 2 x I with halo, the SEM image

Fig. 1. Schematic diagram of gas source Si-MBE. did not show the existence of poly-Si on SiO as in

fig. 2a. When the RHEED pattern changed to

chamber is evacuated to the background pressure
of 1.5 x 10' Torr by a 1000 L/s turbo molecular
pump (Seiko Seiki STP-H1000C) and liquid nitro-
gen shrouds. The source gas, Si2H , is introduced
from a cell port through a mass flow controller
(MFC). According to the change of flow rate from
I to 60 SCCM, the steady state pressure in the
growth chamber varied from 2 x 10 - 6 to 5 x 10 - 5

Torr at the liquid nitrogen temperature of the
shrouds. The substrate temperature was measured
by a thermocouple located in the space between
an IR radiation heater and the substrate. The
substrate temperature was calibrated by RHEED
observation of the Si(001) surface. According to a
previous report [4], the temperature at which the
superstructure patterns appear on the (001) surface
was defined as 815' C. The substrate was a 4-inch
(001) Si wafer patterned with CVD-SiO2 and
rinsed by an etching solution (H 20: H202 : NH 4

OH = 20: 6: 1) before loading. After thermal
cleaning in the growth chamber at 850'C for 10
min, films were grown at several temperatures.
The presence of SEG was observed by RHEED
pattern. In order to extend the lifetime of the
RHEED gun filament, RHEED pattern observa-
tion was carried out periodically. The growth rate

was calculated from a step height measured at the Fig. 2. Scanning electron microscopy (SEM) images of sub-

edge of the epitaxial layer after taking off the Si0 2  strate surface taken from the films deposited at 700*C with

Si 2 H6 flow rate of 15 SCCM for (a) 4 min and (b) 22 min
pattern by HF solution. The surface morphology growth. The thicknesses of the epitaxial Si layer were (a) 640

of the SEG pattern was observed by scanning and (b) 3000 A.

LL ... .A



862 K. A ketagawa el aL. / Limitations of SEG conditions in GSMBE using Si 2 H6

C 700 * C, the critical volume of supply gas decreases

6 7 , 500' C with increasing substrate temperature, indepen-
- 60 ,600" C dent of gas flow rate, whereas above 700'C the

, 0 '650 C critical volume increases with substrate tempera-
2ture. Moreover, at 850'C the critical volume de-

F_ 40 creases with increasing gas flow rate.
The critical volume of supply gas suggests that

z 30 there is a critical adatom coverage on the SiO 2

-20 "-.surface to start poly-Si nucleation, since the num-
ber of adatoms decomposed from impinged Si 2 H6

m 10 molecules is proportional to the volume of supply
0 01 1 gas under molecular flow region. While Si 2 H6

_z 0 5 10 15 20 25 30 molecules are decomposed and contribute to the

SiH 6 F LOW RATE (SCCMI) epitaxial growth on the Si surface, most of the
molecules impinging on the SiO, surface are re-

Fig. 3. Flow rate dependence of incubation time. When Si2H 6  flected and some portion is probably decomposed
gas was supplied over the incubation time, poly-Si wasnucleated on the Si 2 .  and stay as adatoms. As far as the density of these

adatoms does not exceed the critical coverage,

SEG continues on the Si surface.
2 o 1 overlapped with rings, poly-Si was deposited In the low temperature region below 700' C,
on SiO2 as show in efig. 2b. the surface decomposition rate of SiH 6 was in-

RHEED observation showed that poly-Si creased with temperature; thus the critical volume
nucleation started after an incubation time of of supply gas was decreased with increasing temn-

initial growth. As shown in fig. 3, the incubation pature.

time was inversely proportional to Si2 H6 flow rate Inrteh
at fxedsubsrat teapertur. Terefrethe In the high temperature region above 700C,

at fixed substrate temperature. Therefore, the the SiO 2 surface was etched by decomposed Si2 H6 .
product of the incubation time by the gas flow teSO ufc a thdb eopsdS,,

prodct f te tnubatontim by he as low Tabe [5] reported that at high temperature, Si and

rate, which means the total volume of gas supplied SiO5 ret as

during the incubation time, should be constant at SiO, react as

fixed temperature. Furthermore, the critical Si + SiO2 - 2 SiO;
volume of supply gas above which poly-Si nuclea-

tion appears is predicted at various temperatures. then the volatile SiO is evaporated at the growth
Fig. 4 shows the critical volume of supply gas temperature. Since the amount of adsorbed mole-

as a function of the substrate temperature. Below cules necessary for Si island nucleation is de-

creased, the critical volume of supply gas is in-
SUBSTRATE TEMPERATURE creased with temperature. By increasing the gas

900 890 790 630 5,0t flow rate at a constant temperature, the poly-SiF -.- , 30 sccm

-015 sccm nucleation rate becomes higher than the SiO
100% .. 10 sccm evaporation rate. Therefore, the critical volume of

4..A supply gas decreased with increasing gas flow rate.
The critical volume of supply gas well indicated%4 - the limitation of perfect SEG conditions. When

0101 1 Si2 H, was supplied under the critical volume ob-
9 10 11 12 13 tained in fig. 4, perfect SEG Si could be obtained

TI/Ts(xO4 K) in various flow rates and substrate temperatures.

Fig 4. Critical volume of supply gas for poly-Si nucleation on Fig. 5 shows the substrate temperature depen-
SO 2 versus substrate temperature. The critical volume of the tprate
supply gas was introduced as the product of incubation time dence of the perfect SEG-Si growth rate. As seen

and gas flow rate. from fig. 5, the deposition rate depends strongly
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SI.JSTRATE TEWvERATL poly-Si nucleation, the gas flow rate should be
800 700 600 500 400t controlled to keep the flow rate limited condition

00 for each substrate temperature.
X 10 The maximum growth rate of 645 A/min wasv 5

.9100 o o 1SccM obtained at 700'C and gas flow rate of 60 SCCM.
Fig. 6 shows the cross sectional TEM image of the

S1 SEG film with a thickness of 1290 A deposited
< 10 0 o under these conditions. As seen in this photo-

0 graph, the contact of the epitaxial Si layer with the
side wall of Si02 was satisfactory.

0 4. Conclusion

9 10 11 12 13 14 15 In the selective epitaxial growth of Si by Si 2H6
1 ITs(xlO0 K ) gas source MBE, poly-Si nucleation on a SiO 2

Fig. 5. Substrate temperature dependence of the SEG-Si growth surface appears after a certain incubation time. It
rate. The upper limitation of growth rate under 700°C was was found that poly-Si nucleation on SiO 2 starts
determined by the reaction on the surface and the activation after exceeding the critical volume of the supply

energy was introduced at 30 kcal/mol. gas. As far as the total Si 2 H6 gas supply was kept
less than the critical volume, perfect SEG-Si could

on the substrate temperature in the low tempera- be obtained independent of both flow rate and
ture region and its transition temperature to a substrate temperature. The maximum growth rate
temperature-independent region increases with the of SEG obtained in this study was 645 A,/min at
increase in gas flow rate. So the temperature-inde- 700 0 C, which was a conspicuously lower tempera-
pendent region is regarded as a gas flow rate ture than that of the CVD results. The maximum
limited process. Under the temperature controlled film thickness grown under the optimum SEG
condition, the activation energy of the reaction is conditions is expected to extend over 3000 A.
estimated at 30 kcal/mol. From fig. 5, in order-to
obtain a thick SEG layer as far as possible without
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We present a description of the use of animation applied to simulation studies of molecular beam epitaxy. The animations
generated are transfered to domestic video, which allows them to be used as demonstration and teaching tools. The major advantage
gained from animation is the introduction of a temporal dimension when analysing the simulation. This allows the easy examination
of fluctuations, where the enormity of the data produced usually forces the monitoring of only averaged quantities.

1. Introduction step edges, whose reduced dimensionality com-
pared with the planar growth front of quantum

Molecular-beam epitaxy (MBE) offers unprece- wells means that fluctuations become increasingly
dented control in the growth of low-dimensional important. In these situations, the growth process
semiconductor structures with novel electronic and itself determines the extent to which the fabricated
optical properties. Underlying the utility of many structure behaves as a structurally ideal hetero-
such low-dimensional structures is the facility to structure.
grow atomically-abrupt interfaces. Under suita- The inability to probe small length- and time-
bly-chosen operating conditions, growth proceeds scale kinetic phenomena has led to the develop-
in a layer-by-layer fashion [1.2], that is, a given ment of computer simulations of MBE growth to
layer is almost complete before growth of the next enable a better understanding of the formation of
layer is initiated. When the lateral dimensions of microscopic structures. Two principal techniques
the structures are large on an atomic scale (- 1000 that have been utilized are Monte Carlo simula-
A), the details of the growth process are not a tions [6-9] and molecular dynamics [10,111.
limiting factor. However, with lateral dimensions Molecular dynamics is restricted by the enormous
of heterostructures approaching as low as 10 computational overhead required to solve the
atomic spacings, atomic-scale imperfections in the equations of motion for every atom in the system
growth can undermine the integrity of the inter- at each time step, which is less than an atomic
face of two materials. Furthermore, in the growth vibrational frequency (- 10- 1- s) [10]. Monte
of quantum wires and other sub-monolayer struc- Carlo simulations, on the other hand, because of
tures by MBE and variants such as migration-en- the simplicity of the representation of the sub-
hanced epitaxy, the growth front is comprised of strate and of the kinetics, have the advantage of

0022-0248/91/$03.50 4© 1991 - Elsevier Science Publishers B.V. (North-Holland)
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allowing realistic substrate temperatures and kinetics are then modelled by prescribing an iso-
growth rates (typically I monolayer/s). This can topic inter-site hopping probability with an
be maintained for extended periods of time (up to Arrhenius form: k(E, T) = k, exp(- E/kBT) in
1500 monolayers) on large lattices (up to 500 x which k0 is a surface vibrational term, k. is
500). However, Monte Carlo simulations do pre- Boltzmann's constant, T is the substrate tempera-
sent a problem in the shear enormity of the data ture, and E is the barrier to migration.
produced. A surface atom has a configurational diffusion

The problem we face is not unique to Monte barrier E comprising a substrate term and a term
Carlo simulations of MBE. The last three decades representing the number of nearest-neighbor bonds
have witnessed an unprecedented increase in the formed parallel to the substrate: E = Es + n.
power and availability of computers. This has + n1 E, where Es is the substrate term, E, is the
fostered an explosion of activity in many areas of nearest-neighbor barrier in the direction per-
physics, with an accompanying expansion in the pendicular to of the dangling bond of the surface
volumes of data being generated by computational atom, n , represents the number of bonds in that
physicists. Fortunately, developments in computer direction with EH and ni being the same quanti-
graphics have complemented this expansion, in ties in the parallel direction. For Si(001) we set
particular leading to the introduction of "data Eli = E,/10 and, as the direction of the dangling
visualization" techniques for presenting large bond rotates through 90 * on successive layers, the
quantities of data in ways that can be assimilated direction of the barrier anisotropy changes accord-
more readily. The fact that so much information is ingly. The justification for the anisotropy comes
generated, makes data analysis a major problem. from step-energy calculations performed by Chadi
One way to address this difficulty is to take [151 and Aspnes and Ihm [16], where it was found
snapshots of the simulation. But while a single that steps that form parallel to the direction of the
snapshot can characterize the system at a particu- dangling bond are energetically less stable than
lar time, it may still remain difficult to ascertain the perpendicular steps. The parameters used in
the extent of activity within the system or to all the animations are: E. = 1.3 eV, E, + El = 0.5
follow the trajectory of the system through phase eV and k0 = 1013 S-1.
space from one snapshot to the next. A more
appropriate visualization of data streams from
simulations is video animation, and in this paper 3. Animation
we describe the application of animation tech-
niques to the simulations of growth by MBE. Animation introduces a temporal dimension

into the visualization of data, and can exploit an
observer's ability to correlate visual data in time

2. The model as well as in space. For this reason, animation is
obviously suited to addressing the representation

We have implemented a model for GaAs and Si of simulation data. Video has the particular ad-
homoepitaxy based upon the solid-on-solid (SOS) vantage of accessibility, and in this format an
model for crystal growth developed by Weeks and animation can be presented or studied using only
Gilmer [12]. We treat the substrate as a simple conventional domestic equipment. To generate the
cubic lattice in which vacancies and overhangs are animation, we used general-purpose graphic re-
forbidden, and kinetic activity restricted to surface search software developed at the IBM UK Scien-
atoms. We allow two surface processes: deposition tific Centre [171 to generate raster images of solid
and migration. Evaporation of surface atoms is models representing the surfaces. One such image
usually neglected, as at typical growth tempera- was generated for each unique frame of the video
tures negligible desorption flux is observed [13]. tape, there being many hundreds of such frames in
Growth is initiated by the random deposition of the final animations. A typical image took about
atoms onto the substrate. The surface migration 10 min to generate, though for this particular
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application, specially-designed software could have served, exhibiting either a monolayer or bilayer
taken advantage of features in the graphics, such period, depending upon the azimuthal orientation
as polygonal shading to substantially reduce the of the electron beam [19]. However, for homoepi-
required computational resources. More details of taxy on a surface propared without such an an-
the animation process for MBE may be found in nealing, there is a decaying envelope to the
ref. 118]. RHEED oscillations, which exhibit a monolayer

period independent of the azimuth [20].
Even in the case of nucleation dominated

growth on Si(001), where the behaviour was well4. Animations of Si(OOI) homoepintaxy understood from analysis of averaged quantities, a

demonstration of the actual growth sequence is
There are a number of ways in which the dramatic and shows clearly the degree to which a

animation of a physical process such as MBE are domain must complete before the next layer is
beneficial. All of these stem from the level of formed. This is something that is not clear without
detail concerning the kinetic activity contained in including the temporal dimension that animation
the animation. While an average description of the facilitates. Figs. 1 and 2 show the morphology of
process can be easily obtained with quantities the surface after 1.5 and 2.5 monolayer deposition,
such as the density of surface steps or a diffraction on single- and double-domain surfaces, respec-
pattern, the statistical fluctuations are much more tively. They show quite clearly the change in the
difficult to address theoretically. Animation pro- direction of cluster elongation, but fail to convey
vides a very natural medium for observation of the cooperative and remarkably rapid coalescence
high temperature fluctuations, since for any pro- of the clusters, and the' way their structure pre-
cess involving a dynamic or evolutionary aspect. vents the formation of the next layer until this has
an animation is more likely to convey the activity been achieved.
of the process than any static rendering, be it line Monoatomic steps on a vicinal Si(001) alternate
graphs or sophisticated graphics. The animations in stability. This means that one type of step, the
have demonstrated growth mode transitions on unstable one, is more susceptible, to fluctuations
vicinal surfaces and have drawn attention to the than the other, with the relatively stable steps thus
details of step profile fluctuations which were not showing smooth profiles and the relatively unsta-
apparent in prior analyses of the simulations [18]; ble steps showing a comparatively rough profile.
stills from the video demonstrate the irregularity This has been confirmed by scanning tunnelling
of the step :tructure, but can not convey how it is microscopy [21,22]. During growth the less stable
likely to alter with time. step advances (fig. 3). so that the predominant

The animations have proved particularly useful amount of the surface is terminated with an unsta-
in adding to our understanding of Si(001) homo- ble step, but during surface recovery it recedes, so
epitaxy. In this case we used a 120 x 120 sub- that there is approximately an equal amount of
strate. The increased degree of realism in compari- each type of surface. Experimentally, this is ob-
son with the 40 x 40 lattices used earlier eliminates served by monotoring the half-order beams, whose
finite-size effects, but drastically increases the intensity is a measure of the relative coverages of
graphical processing requirements. An important I x 2 and 2 x I domains [23-25]. From the
feature of homo- and heteroepitaxy on Si(001) is animation it is apparent that this relaxation back
the strong dependence of the growth characteris- to equal coverage is caused by the unstable step
tics upon the temperature and duration of sub- attempting to maximise its degree of fluctuation.
strate annealing prior to growth. For Si(001) ho- The fluctuations are bounded by the stable steps
moepitaxy on a surface subjected to extended and hence its optimum average position is half-way
high-temperature (- 1000°C) annealing, sustained between them. Such an effect would be difficult if
oscillations in reflection high-energy electron-dif- not impossible to identify without such a continu-
fraction (RHEED) specular intensity are ob- ous way of observing temporal behavior.
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Molecular dynamics and quasidynamics simulations of low-energy
ion/surface interactions leading to decreased epitaxial temperatures
and increased dopant incorporation probabilities during Si MBE

M. Kitabatake, P. Fons and J.E. Greene
Department of Materials Science. Coordinated Science Laboratory, and Materials Research Laboratory, University of Illinois,
1101 West Springfield, Urbana, Illinois 61801, USA

Molecular dynamics and quasidynamics simulation utilizing the Tersoff many-body potential, have been used to investigate
ion/surface interaction kinetics and mechanisms, includig defect formation and annihilation, associated with the use of low-energy
ion irradiation during Si film growth by MBE to decrease epitaxial temperatures and increase dopant incorporation probabilities. The

irradiation events were initiated at an array of points in the primitive unit cell of 2 x I terminated Si(001) lattice.

1. Introduction atom trajectories, and the nature, number, and
depth of residual defects. Minimum energy diffu-

Several groups have demonstrated reduced epi- sion paths and defect formation and migration
taxial temperatures during Si MBE experiments in activation energies as a function of near-surface
which a fraction of the incident condensing beam lattice position, including relaxation around de-
is ionized and accelerated to energies < 200 eV fects, were also calculated. Events resulting in
[1-3]. In addition, low-energy accelerated-ion dop- low-temperature epitaxy (due to both projectiles
ing during Si MBE has been shown to overcome and lattice atoms coming to rest at epitaxial sites)
problems associated with low dopant incorpora- were analyzed in detail.
tion probabilities and profile broadening due to
surface segregation [4,5]. Low-energy ion-doped
MBE Si films exhibit excellent opto-electronic 2. Simulation procedure
properties, with no evidence of residual ion dam-
age, as determined by temperature-dependent Hall The simulations were carried out using a com-
16], deep-level transient spectroscopy 16], and pho- bination of MD and modified QD techniques,
toluminescence [7] measurements, discussed in detail in refs. [8.9], employing the

In this paper, we present results obtained using many-body Tersoff potential [10]. In QD simula-
molecular dynamics (MD) and quasidynamics tions, the positions and velocities of each atom are
(QD) simulations to investigate ion/surface inter- computed in a fully dynamic mode until both the
actions which control the kinetics and mechanisms total system force and potential energy values
of ion-induced low-temperature Si epitaxy and reach minima, at which point the velocity of each
defect formation/annihilation during MBE with atom is set to zero and the system allowed to
ion doping. Irradiation events were initiated with evolve further. The procedure is repeated until
10 and 50 eV Si atoms incident normal to the stable atom positions, with approximately zero net
surface at an array of points in the Si(001)2 x I force, are obtained.
primitive unit cell. Each event was followed to The computational cell for the 10 eV (50 eV)
determine kinetic energy redistribution in the bombardment events included 360 (1920) atoms,
lattice as a function of time, projectile and lattice 10 (20) Si(001) layers with dimensions 6 x 6 (8 x

0022-0248/91/$03.50 © 1991 - Elsevier Science Publishers B.V. (North-Holland)
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12) atoms. All violent collisional effects were found 3. Results and discussion
to subside within the first 6 (14) layers. Increasing
the size of the cell by a factor of three had no Fig. I shows the 36 points in the primitive
significant effects on the results. Layers 7 and 8 surface unit cell of the 2 X I reconstructed Si(001)
(17 and 18) were momentum damped to minimize lattice used to initiate 10 and 50 eV collision
kinetic energy reflection and layers 9 and 10 (19 sequences. The points were chosen to explore both
and 20) were fixed. The surface layer was allowed, high and low symmetry regions [8]. Each colli-
following the procedure described in ref. [8], to sional event was followed for > 800 ps, with time
relax, yielding a (2 x 1) dimerized surface. Peri- steps adaptively increased from 0.2 to 4 fs as the
odic boundary conditions were applied to the four calculation proceeded, until the maximum kinetic
(110) boundary planes. The starting temperature energy per atom was < 0.5 eV.
for the simulations was 0 K, however lattice atoms
involved in collision cascades attained kinetic en- 3. . Ten electron-volt irradiation
ergies > 0.5 eV, corresponding to temperatures
well above those used during typical MBE Si The 10 eV Si projectiles came to rest in posi-
growth experiments (900-1050'C). Simulations tions ranging from an epitaxial bridge site above
carried out with initial crystal temperatures up to the surface dimers to the fourth layer, with an
1000 K showed that the primary results - includ- average stopping position of 0.5 A below the
ing the maximum penetration depth of the pro- surface (between the first and second layers). Split
iectile, the average stopping depth, and the aver- (S) and hexagonal (H) interstitials were obtained
age position of residual bulk defects - are essen- in the second to sixth layers with the largest
tially the same as those obtained in T= 0 K concentrations being in the third and fourth layers.
simulations. Trajectories obtained from simula- No residual vacancies were observed.
tions initiated at T = 0 K correspond to an aver- The only collision sequence resulting in pro-
age over a very large number of simulations ini- jectile reflection was initiated at impact point 10
tiated at a high temperature and the same impact (see fig. 1) in the center of four dimers. In every
geometry 18]. case in which energetic projectiles were incident

2nd layer atomi:~~ 
...999999 _4 .... 17(j 0

* - -'A-- 4 -7-
13 14

..--- 117 18 19 20 23 24
-- 21 22

- 27 28

'a 4th layer atom

I st layer atom

[001fl7oj 2.40 A

Fig. I A Si(00l)2 X I reconstructed surface, calculated using a modified quasidynamics technique, showing the 36 points in the
primitive surface unit cells used to initiate 10 and 50 eV Si collision sequences.

= === j



872 M. Kitabatake et al. / Molecular dynamirv and quasidynamics simulations

WO 6(a) e.r..: oo:i::

r- surface unit cell 7* projectile i
projectile impact point 10 initial atom position

* final projectile position
0 final surface atom position 8 atom position at 800 fs

Fig. 2. (a) Calculated stable surface-atom and projectile positions exhibiting exchangc epitaxy following 10 eV Si bombardment at
surface unit cell point 27 (see fig. 1). (b) Projection view showing trajectories of projectile i and surface-atoms 3 through 6 following

bombardment.

[0011

Top [oo]j Projection
View o View [010] 100]

100110

12 1 6

2102 12 13

-13

4 4

3

projectile i 0 surface atom ) lattice atom

M unit cell ,- surface unit cell * projectile impact point

Fig. 3. Top and projection views of a Si lattice with a (001)2 x I reconstructed surface after bombardment by a 10 eV Si atom at
surface unit cell point 24 (see fig. I) indicated by *.
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near dimers, surface reactions (dimer opening, epi- Depth from the surface (A)
05 10 1S

taxial growth, and surface defect creation) were 0 0 5 ,

observed. Fifteen of the 36 collision sequences interstitials
opened surface dimers. Ten events resulted in 03

epitaxy. eight of which occurred without residual .4)

bulk defects and five involved the opening of
additional dimers. In the epitaxial events, the pro-
jectile came to rest either at an epitaxial bridge
site position or, through an exchange process, at a ,0
lattice site with the displaced surface atom at an C
epitaxial position. An example of the latter, corre- 50 1-15

sponding to bombardment at impact point 27, is (001) Layer number
illustrated in fig. 2a. The projectile i broke dimer Fig. 4. The average number of lattice interstitials and vacancies

3-4, then, after interacting with second and third produced per projectile for 50 eV Si atoms incident at the 36

layer atoms, exchanged positions with atom 5 points in the Si(001)2 X I primitive surface unit cell shown in

which came to rest in an epitaxial position be- fig. 1.

tween i and atom 6. The trajectories of atoms 3-6
and i are shown in fig. 2b.

Dimer atom interstitials were created following
head-on or nearly head-on c-Alisions with a dimer 24. and the ratio of purely lattice-atom interstitialsatom(imact oins 3033) Wea prjectle/ to projectile interstitials from 5/li to 58/5. 50eV
atom (impact points 30-33). Weak projectile/ irradiation also created residual vacancies (V).
surface interactions due to ion incidence between bonding defects, and defects which we have named
the dimers resulted in residual bulk projectile in- pentagonal interstiti-l- 1P). Fig. 4 shows the depth
terstitials. Ten S interstitials (impact points 6, 7. distag onl i terstiti als (1) 2i4 and vacan-12. 16, 24, 28, 30, 32, 35, and 36) and four H distribution of iaiterstztials (1"= 2-14) and vacan-

12, 6, 4, 8, 3, 3, 3, ad 36 an for H cies (,'-- 2-7). One sputtering event was observed
interstitials (points 22, 23, 31, and 33) were ob- in whc - Oe stt was observedin which a dimer atom was ejected following im-
served. Fig. 3 shows top and projection views g
illustrating an S interstitial created following pact at surface unit cell point 34.Thirtv-fi~c of the simulation runs resulted in
bombardment at impact point 24. S is composed the formation ot more than one residual intersti-
of projectile i and atom 11, oriented along the th. in o te re 40 s intersti

[001] direction, and centered on the original posi- interstitials. 4 tetrahedral (T) interstitials, 4 bond-

tion of atom 11 in the third layer. Incident atom i cntered (B ) interstitials. a 3on -

interacted strongly only with atom 11 causing it to interstitials a P intertt al Pc
be dsplced ownard Impct t pints28,35, interstitials. Fig. 5 shows a P interstitial in vhichbe displaced downward. Impact at points 28. 35,g

and 36 near the projected position of fourth-layer atoms 1-4 occupy the area initially filled by atoms

atom 13 also produced, through the same mecha- a, b, and c. The calculated formation energy E, of

nism. S interstitials. a bulk P interstitial is 3.7 eV, while E, for T, S, H,

3.2. Fifty electron-volt irradiation """ '" • +""'" ... [001]!

Raising the projectile energy from 10 to 50 eV 3 [

resulted in an increase in: the average stopping a b [i]--
depth from 0.5 to 1.6 A (between layers e= 2 and [Ito0

3), the total number of epitaxial events from 10 to
13, the total number of residual bulk defects from , 1 2
16 to 63 (note that the ratio of epitaxial events to 'K.

residual bulk defects decreased), the number of Fig. 5. A pentagonal interstitial in bulk Si. Atoms 1-4 occupy

projectiles ending in substitutional sites from 7 to the area initially filled by atoms a, b, and c.

I'
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and B interstitials are 3.5, 4.7, 4.9, and 5.5 eV, tion/ annihilation. Several collision sequences re-
respectively. P interstitials are more stable since suited in the opening of additional dimers thus
all but one of the atoms in the defect have four- providing I X I sites for migrating adatoms during
fold bonds whose lengths are within 6% of the crystal growth. This suggests, in agreement with
initial 2.35 A bond length. Ef for interstitials experimental results [111, that low-energy self-ion
decreases as the surface is approached due to irradiation during vapor-phase film deposition
increased lattice relaxation, causing dilation, in may be useful for decreasing the epitaxial temper-
the [0011 direction. For example, E, values for T ature even when the ion flux is only a small
and S interstitials located in e= 3 and H intersti- fraction of the total condensing atom flux. Trap-
tials between layers 2 and 3 were 2.9, 2.7, and 2.6 ping probabilities for both 10 and 50 eV pro-
eV, respectively. The probability of obtaining re- jectiles were essentially unity. While residual bulk
sidual interstitials was large in lattice regions di- defects were also formed in many of the collision
rectly beneath the center of rectangles formed by events, the interstitials and bonding defects were
four dimers. This gave rise to the maxima at ?= 7 easily annealed out over times corresponding to
and 11 in the interstitial depth distribution shown monolayer deposition (of the order of one to
in fig. 4. several s) at typical growth temperatures. Full

A total of 36 V were observed and the average annealing of vacancies, however, requires interac-
depth was 2.9 A (/= 3). The maximum V con- tions with deeper interstitials (see fig. 4) moving
centration was in the second layer. Eleven bond- toward the surface and incident Si atoms.
ing-defects were obtained in layers 3 to 11.

3.3. Defect annihilation Acknowledgements

Diffusion and annihilation of ion-induced de-
fects were investigated using QD by allowing one The authors gratefully acknowledge the finan-
to several atoms, dependin upon the defect, to cial assistance of the Joint Services Electronics
migrate in steps of < 0.1 A. During each diffu- Program, the Semiconductor Research Corpora-
sional step, all lattice atoms were fully relaxed and tion, the National Center for Supercomputing Ap-
the diffusing species were relaxed in the plane plications, and the Space Vacuum Epitaxy Center
orthogonal to the diffusion direction. The calcu- funded by NASA.
lated trajectories coincided with minimum energy
paths. Interstitial migration activation energies Em
were always < 1.4 eV, except for P interstitials for References
which E_ < 1.8 eV, and decreased with decreasing
e. Due to the low E, value for T interstitials and Ill T. Narasawa, S. Shimizu and S. Komiya, J. Vacuum Sci.
the strong effect of surface relaxation, the primary Technol. 16 (1979) 377.

diffusion path for annealing of interstitials was [21 P.C. Zalm and L.J. Beckers. Appl. Phys. Letters 41 (1982)

along THT toward the surface. The annihilation 167.
activation energy for bonding defects was < 1.2 131 T. Ohmi, T. Ichikawa, T. Shibata, K. Matsudo and H.

-i eIwabuchi, Appl. Phys. Letters 53 (1988) 45.
eV. Vacaacies, however, were found to be very 141 M.A. Hasan, J. Knall, S.A. Barnett, J.-E. Sundgren. L.C.
stable with Em = 2.3 eV, more than 1.5 times Markert, A. Rockett and J.E. Greene. J. Appl. Phys. 65

larger than Em for all interstitials except P. (1989) 172.
151 W.-x. Ni, . Knall. M.A. Hasan, G.V. Hansson, J.-E.

Sundgren, S.A. Barnett, L.C. Markert and J.E. Greene.
4. Conclusions Phys. Rev. B40 (1989) 10449.

161 J.-P. Noel, N. Hirashita, L.C. Markert, Y.-W. Kim, J.E.
Greene, J. Knall, W.X. Ni, M.A. Hasan and J.-E.

The simulations provide detailed insights into Sundgren, J. Appl. Phys. 65 (1989) 1189.
mechanisms associated with low-energy ion- [71 J.-P. Noel, J.E. Greene, N.L. Rowell, S. Kechang and

bombardment-induced epitaxy and defect produc- D.C. Houghton, Appl. Phys. Letters 55 (1989) 1525.



M. Kitabatake et a. /Molecular dynamics and quasidynamics simulations 875

[8] M. Kitabatake, P. Fonts and J.E. Greene. J. Vacuum Sci. 111] See. for example, the following review article and refer-
Technol. A8 (1990) 3726. ences therein:

[91 M. Kitabatake, P. Eons and J.E. Greene, J. Vacuum Sci. J.E. Greene, S.A. Barnett, J.-E. Sundgren and A. Rockett,
Technol.. in press. in: Ion-Beam Assisted Film Growth, Ed. T. Itoh (Elsevier,

[101 J. Tersoff, Phys. Rev. B38 (1999) 9902. Amsterdam, 1978) ch. 5.



876 Journal of Crystal Growth II (1991) 876-881
North-Holland

Scanning tunneling microscopy studies of the growth process of Ge
on Si(001)

Y.-W. Mo and M.G. Lagally
Department of Materials Science and Engineering, College of Engineering, University of Wisconsin. Madison, Wisconsin 53706. USA

The growth process of Ge on Si(001) has been investigated using a scanning tunneling microscope (STM) and a comprehensive
picture of the major kinetic processes is obtained. Surface diffusion of Ge on Si(001) is found tu he anisotropic. The two types of
monatomic steps are shown to have different lateral sticking coefficients for Ge adatoms. The transition from 2D to 3D growth is
found to occur via a kinetic pathway - a novel type of intermediate 3D cluster.

I. Introduction possible anisotropies in these aspects for a surface

with low symmetry, e.g.. two-fold symmetry for

The growth of Ge on Si(001) has attracted Si(001). The lateral sticking coefficient of adatoms
much attention recently because of the potential at steps is one of the most important issues for
application of this heterojunction structure in growth kinetics. The conventional wisdom that all
opto-electronic devices 11-4]. Although this sys- steps are good sinks for adatoms has been shown
tern has been studied with a variety of techniques to be invalid for Si/Si(001) [11], and we will show
[5-9] many aspects of its growth are still not well that this is also the case for Ge/Si(001).
understood. Because of the lattice mismatch between Si and

Film growth is a nonequilibrium process in Ge, 2D growth eventually becomes unfavorable
which kinetics plays an essential role 110]. Deposi- because of the buildup of strain energy in the 2D
tion of adatoms onto a surface drives the system film, and 3D clusters form to relax the strain. The
into supersaturation, from which the system tries transition process from 2D to 3D structures in
to relax back to equilibrium by forming a con- such a Stranski-Krastanov process is an interest-
densed phase, e.g., 2D islands for an adlayer that ing problem. Phase succession has been known to
wets the substrate. Adatoms move randomly on occur in many phase transition processes 1121, i.e.,
the surface and, when meeting each other, form one or more intermediate phases with lower
islands. All islands larger than the critical nucleus nucleation barriers form and dissolve prior to the
will grow by further addition of adatoms until the final equilibrium phase. We will show that there is
supersaturation is eliminated. Another means of such a kinetic pathway for the 2D to 3D transition
removing the supersaturation is by the adsorption of Ge/Si(001).
of adatoms on those substrate steps that are good Scanning tunneling microscopy (STM), because
sinks. Thc surface diffusion coefficient determines of its atomic resolution and ability to scan large
the relative rates of these processes. From an areas (e.g., 1.5 pm), provides an ideal tool for
atomistic point of view, kinetic processes in growth studying growth processes at the atomistic level.
can be categorized into pure migration of adatoms In this paper, we report an STM study of the
on a flat terrace and the interactions of adatoms growth process of Ge/Si(001), addressing the ani-
with surface steps. Of particular interest are the sotropies in surface migration of Ge adatoms and

0022-0248/91/$03.50 0 1991 - Elsevier Science Publishers B.V. (North-Holland)
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in the lateral sticking coefficient of adatoms at cross. By choosing specific step configurations,
steps, and the transition process from 2D to 3D one can study each of these factors separately.
structures. If a terrace is bounded by two different types

of steps, the relative length of the two denuded
zones near the steps is determined only by the

2. Experimental relative value of the lateral sticking coefficients
and energy barriers for crossing the two, because

The experiments are carried out in a UHV the adatom migration on the terrace is the same
system equipped with a home-made STM, LEED toward both steps. A high asymmetry in the de-
optics, and a Ge deposition source. The base nuded zone lengths will indicate very different
pressure of the system is 6 X 10-1" Torr. The properties of the two types of steps.
substrates used for this study are nominally flat Furthermore, if a step separates two different
Si(001) wafers, with an actual miscut angle of terraces so that the diffusion of adatoms toward
0.04'. Thermal cleaning of the substrates is car- the step on the two terraces is along two different
ried out by DC heating to 1550 K (131. The characteristic surface directions, then the two de-
sample temperature is measured with an IR nuded zone lengths around this step will be differ-
pyrometer. The Ge deposition source is a DC- ent if diffusion is anisotropic. The ratio of the two
heated wafer and the deposition rate is determined lengths will provide quantitative information on
by measuring the surface coverage of Ge after a the diffusion anisotropy. A condition for this anal-
submonolayer is deposited onto the substrate at ysis, however, is that this step is not only a good
470 K, a temperature at which only a negligible sink but also a symmetric sink for adatoms. i.e..
amount of adatoms is lost to surface steps [14]. adatoms from either the up- or the down-terrace

The sample is quenched to room temperature will stick equally well upon reaching this step.
immediately after deposition and then transferred This condition can be tested independently by
in situ to the STM. All scans are carried out at choosing a configuration in which diffusion is
room temperature at which no change in the symmetric from above and below.
surface structure can be observed even after several The Si(001) surface forms a (2 x 1) reconstruc-
hours of scanning. tion, with top-layer atoms dimerizing to reduce

the number of dangling bonds. This establishes
two characteristic directions on the surface: either

3. Submonolayer growth: anisotropies in surface along or perpendicular to the dimer rows. A natu-
migration and sticking to steps ral question is whether the surface diffusion of

adatoms is different in these two different direc-
The anisotropies in surface migration of tions [15,16]. Due to the tetrahedral structure of

adatoms and their interactions with surface steps silicon, each monatomic step separates two degen-
can be studied by the analysis of denuded zones in erate reconstruction domains (2 x 1 and I x 2 do-
the spatial distribution of the islands formed by mains) with dimer rows perpendicular to each
deposition. A denuded zone is a striped area on other. Also there are two different types of mon-
the surface along a step where the island density is atomic steps (17]: one is perpendicular to the
lower than that far away from the step, which is up-terrace dimer rows and is called an SB step,
formed because adatoms arriving from the vapor and the other is parallel to the up-terrace dimer
and landing near the step can diffuse and stick to rows and is called an SA step. An 'alternative
it before colliding with each other to form islands description is that SB is formed at the end of the
on the terrace. The length of a denuded zone dimer rows and S, at the side of the dimer rows.
depends on the following factors: how fast Because the energy of forming kinks in an SA step
adatoms migrate on the surface; to what degree is higher than that in an SB step [18], SA steps are
the step acts as sink for adatoms; whether a large typically smooth while SB steps are rough [19]. At
energy barrier exists at the step for adatoms to issue here is the relative magnitude of the lateral
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Ge adatoms and there is no large energy barrier
SAt for adatoms to cross downward over an S, step,

and that SA steps (the sides of dimer rows) are
poor sinks for adatoms. An interesting point is

S B  that initially adsorbed Ge adatoms decorate S,
steps of the Si(001) substrate, and further adsorp-
tion of Ge adatoms is actually by SB steps made
of Ge atoms.

The anisotropy in lateral sticking coefficients of

adatoms at SA and S, steps is also reflected in the
very anisotropic growth shape of 2D Ge islands.
as shown in fig. 1. The islands are long in the
dimer row direction, indicating that adatoms stick
to the end of dimer rows much better. Here again
the steps themselves are made of Ge atoms. An-
nealing of the growth structure results in a much

Fig. 1. STM image of the spatial distribution of Ge 2D islands less anisotropic equilibrium shape [11]. which is
relative to substrate steps, after - 0.2 ML Ge is deposited on determined by the ratio of the free energies of the
Si(00l) at 550 K substrate temperature. The scan range is rather than the kinetic sticking coefficients.

5000x5000. steps
Now we concentrate on the two denuded zones

around the S, step in fig. 1. It can be seen that
sticking coefficients for Ge adatoms at these two they are not symmetric. The denuded zone on
different types of steps. terrace 2 is much shorter than the one on terrace

To study these anisotropies. a submonolayer 3. Since the dimer rows in terrace 3 are perpendic-
dose of Ge is deposited on the Si(001) substrate at ular to the step while the dimer rows in terrace 2
temperatures at which growth is primarily by is- are parallel to the step. this denuded zone asvm-
land formation rather than by step flow. Spatial metry is clear evidence for diffusion anisotropy:
distributions of 2D Ge islands are observed with surface diffusion of Ge adatoms on Si(001) is
STM. Fig. I is a large-scale STM scan showing 2D faster along substrate dimer rows than perpendic-
Ge island distributions relative to different types ular to them. By preparing a sample in a config-
of monatomic steps. In the figure, the third terrace uration in which steps are at 450 to the dimer
from the upper left (terrace 3) is bounded by SH to rows ((100) steps). such that the diffusion toward
the upper left and S., at the lower right (S12 ). It steps on each terrace is identical, we observe that
can be seen that the island density close to the SB denuded zones above or below each step have the
step is almost zero while it gradually increases same length. indicating that S, steps are symmet-
towards S,2. This suggests that the denuded zone ric sinks for Ge adatoms from either up or down
due to the S, step is actually larger than the width terraces. Steps with (100) orientations are made
of this terrace. One can imagine that if SA, were of alternating S, and S, step segments. However.
moved farther away, one would see the island as we have shown in fig. 1, S, steps are very poor
density increase until it reaches the uniform value sinks, and hence we can assume that only the S1
seen on terrace 1, far enough from the SB step. segments actually adsorb adatoms, and therefore
Terrace I is essentially the same as terrace 3 the adsorption behavior of the (100) steps reflects
except the width is much larger. The SB bounding the properties of SB steps.
step is far out at the upper left and not shown in Comparison of computer simulation results of
the figure. It can be seen that on this terrace, in the dependence of the denuded-zone length on the
the area close to SA, the island density is as high as diffusion coefficient with quantitative measure-
that far from it. Therefore we conclude that S, ments of the denuded zone asymmetry yields a
steps (the ends of dimer rows) are good sinks for diffusion coefficient that is at least 1000 times

ii
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faster along the dimer rows than perpendicular to
them (20]. Note that the fast diffusion direction is
perpendicular to the long axis of the growth shape
of 2D islands. As mentioned earlier, the ani-
sotropy of the growth shape is caused by the
sticking coefficient anisotropy, and is not a conse-
quence of diffusional anisotropy.

The above results on the microscopic aspects of
surface kinetics are all essentially the same as for
Si/Si(001). A detailed description of the denuded-
zone analysis can be found in ref. [20].

4. Multilayer growth: kinetic pathway in 2D to 3D
transition

Fig. 2. STM image of rough 2D layers after 3 ML of Ge is
After growth of about 3 monolayers (ML) at deposited at - 775 K. Scan range is 600x 600 A. Displayed inthe normal grey' scale mode.

typical temperatures (e.g., 775 K). STM scans

show that the growth mode is still two-dimen-
sional, although with a rough growth front that scopic" 3D islands that have been observed previ-
typically involves 3 layers in a 600 x 600 A area, ously [5-91, we find a large concentration of gen-
as shown in fig. 2. This roughness is reduced after erally much smaller clusters with well defined
annealing at higher temperatures (e.g.. 10 min at shapes, facet structure, and orientations distinctly
875 K). confirming that 2D growth for doses less differing from those of the "macroscopic" ones.
than 3 ML is an equilibrium structure rather than Fig. 3 shows two STM images of these clusters.
a result of kinetic limitations [1-91. The smaller clusters have predominantly a prism

Growth beyond 3 ML results in 3D island shape (with canted ends). To distinguish them
formation. However, in addition to the "macro- from the "macroscopic" clusters, we shall refer to

Fig. 3. STM images of two types of Ge 3D clusters on Si(001). (a) A "macroscopic" cluster surrounded by many "'hut" clusters. The
scan range is 8000x8000 A. The "macroscopic" cluster is - 250 A high. The image is shown in a curvature mode, to remove the
large height difference. (b) Perspective view of some "huts" and a corner of a "macroscopic" cluster. Typical heights of the "huts-

are between 20 and 50 A. The scan range is 1500 x 1500 A.
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them as "hut" clusters. By detailed STM measure- 7< 800 K, are drastically different, being, for
ments, we determine that all four facets of the example, 7 x 1010 and 3.8 X 107cm-2, respectively
"hut" are (105) planes [211. for the conditions shown in fig.3. Hence, it ap-

There are three interesting features of these pears that the formation barrier is much lower for
"hut" clusters. One is the perfection of the facet the "hut" clusters than for the "macroscopic"
planes. We never observe a partially completed clusters.
layer on a facet. This observation, as well as a Therefore we propose the following scenario.
second one, namely that the number density of The "macroscopic" clusters are the final equi-
"huts" increases rapidly while their size grows librium state. The "hut" clusters form more easily
only slowly with the Ge dose, is in accord with and hence preferentially nucleate first. "Hut"
well known concepts about the stability of low- nucleation slows as their concentration gets large
energy surfaces, for which a nucleation process is and the available (100) step sites for nucleation
required for each new layer but once this occurs, decrease. We suggest that the consequent increase
the layer completes very rapidly. The third feature in the supersaturation of Ge adatoms causes the
of the "hut" clusters is their generally elongated nucleation of the "macroscopic" clusters. The
base shape and their orientations. Because all four "huts" therefore provide an easy way for 3D
facets are the same, they must have the same structures to appear at the surface initially, and
surface free energy and sticking coefficient for consequently delay the onset of the formation of
arriving atoms. The prism axes are at 450 to the the "macroscopic" clusters. This idea of a compe-
dimer row directions, and therefore the Si sub- tition between "hut" and "macroscopic" clusters
strate does not provide any preference in terms of is supported by the measurement of the con-
surface stress or anisotropic diffusion. One possi- centration of "macroscopic" clusters after deposi-
ble explanation for the elongated shapes is that tion to the same dose of Ge as that in fig. 3, but at
<100) steps (running 450 to the dimer row direc- 850 K substrate temperature. In this case, "hut"
tions), formed in the 2D Ge layers during growth, clusters are not observed, but the concentration of
act as nucleation sites. There are two orthogonal "macroscopic" clusters is 6.3 x 107 cm -

2, larger
sets of these steps, corresponding to the principal than that in fig. 3, contrary to the typical relation
axes of the clusters we observe. We have made between island number density and the growth
limited STM measurements on samples miscut temperature in a diffusion-limited growth process.
toward <100) by 2.50 that appear to support this We believe that this is because the "huts" are not
idea of the role of (100) steps. "Hut" clusters stable at this growth temperature and therefore
predominantly form with their principal axis the supersaturation of Ge adatoms is kept higher,
aligned parallel to these steps. Because the step forcing nucleation of more of the "macroscopic"
density in these samples is greater, the number clusters.
density of "huts" is much larger and their size
reduced [20a]. However, additional measurements
will be required to confirm this explanation. 5. Conclusions

In addition, several observations indicate that
the "hut" clusters are a metastable and inter- We have used STM to investigate the initial growth
mediate phase between the 2D layers and "macro- of Ge on Si(001). By analyzing the spatial distri-
scopic" 3D clusters. The "hut" clusters form pref- bution of 2D Ge islands after submonolayer de-
erentially at low growth temperatures, T < 800 K. position, we measured the anisotropies both in
Growth at 850 K results in only "macroscopic" surface diffusion and in the lateral sticking coeffi-
clusters. Upon annealing at 850 K for 10 min cients of Ge adatoms at different types of steps.
almot all "hut" clusters formed at low growth We find that surface diffusion of Ge on Si(001) is
temperatures vanish and more "macroscopic" very anisotropic, with the fast direction being along
clusters form. Furthermore the concentrations of the substrate dimer rows. The two types of mona-
the "hut" and "macroscopic" clusters, formed at tomic steps are found to have very different lateral
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Group IV element (Si, Ge and a-Sn) superlattices
- low temperature MBE

K. Eberl. W. Wegscheider and G. Abstreiter
II alter Schottky Instiui. Technische Unit'ersitit Miinchen. W-8046 Garching, Germany

Si/Ge and Sn/Ge heterostructures and short-period superlattices are grown by a modified molecular beam epitaxy (MBE)
technique on Si and Ge substrates. Low energy electron diffraction and Auger electron spectroscopy are used in order to optimize the
growth conditions with respect to interface roughness, segregation and intermixing. Transmission electron micrographs reveal that the
interface quality of short period superlattices is improved by substrate temperature modulation during deposition. For Si/Ge
superlattices we use a temperature range between 250 and 400'C. However. due to the extreme tendency of Sn to segregate on the
film surface. it is necessary to further decrease the substrate temperature during overgrowth of the Sn layers. The optimized growth
conditions for high-quality Sn/Ge superlattices were found to be in the temperature range between 45 and 300 0 C. It is demonstrated
that low temperatures, low growth rates, and temperature variations during deposition of the individual layers in MBE open the
possibility to synthesize structures far beyond thermodynamic equilibrium conditions.

1. Introduction segregation are the main difficulties. Bean and
coworkers made an essential step forward by

Heterostructures and superlattices (SLs) based lowering the growth temperature [11]. In order to
on the group IV elements Si. Ge and a-Sn are of achieve high quality short period SLs, further
fundamental interest due to the prospect of novel modifications of the MBE conditions were neces-
physical phenomena and of device applications. sary [12-14].
The basic properties can be tailored in a wide The difference in the lattice constants of a-Sn
range by the structural parameters like layer thick- and Ge is about 13%. Besides the critical thickness
ness. composition and lateral strain distribution for pseudomorphic growth of SnGe alloys on Ge.
[I]. The band gap of Si/Ge strained alloy layers or there are two further difficulties which must be
SLs. for example. covers the energy range from 1.1 considered. The solid solubility of the two materi-
to about 0.55 eV [2-4]. SnGe, alloys are ex- als in each other is less than 1% and there is a
pected to have a band gap tunable from 0.75 eV to strong tendency of Sn to segregate on the alloy
zero. Especially in the compositional range of surface even at substrate temperatures as low as
0.2 <.x < 0.6. a direct band gap semiconductor is 150'C [15]. The latter aspects inhibit the fabrica-
predicted 15]. The Brillouin zone reduction in tion of Sn-rich alloy layers (x > 0.2) lattice
Si/Ge [6.7] and Sn/Ge [8,9] short period SLs matched to Ge or GaAs substrates [15-17], This
leads to additional changes of the band structure. means that realization of both Si/Ge and Sn/Ge
Pioneering work on Si/SiGe heteroepitaxy has SLs requires non-equilibrium epitaxial growth
been performed by Kasper et al. [10]. The lattice conditions and in some cases also a large tempera-
mismatch of about 4% between Si and Ge, how- ture variation during deposition of the individual
ever, turned out to cause problems in growth, layers.
especially for SiGe alloys with increased Ge con- We use a specially designed MBE system
centrations. The limited thickness for lattice equipped with in situ analysis - low energy elec-
matched growth, the transition from two-dimen- tron diffraction (LEED) and Auger electron spec-
sional to three-dimensional growth mode and Ge troscopy (AES) - to optimize the growth condi-
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tions. In this contribution we first present LEED
and AES investigations on the formation of the E 30

Si/Ge and Ge/Si interface. Based on these results 20 .

a variation of the substrate temperature was used . - r

to synthesize high quality Si/Ge SLs on (001) Si O -

and Ge substrates. In the last part we briefly "
discuss the growth of short period Sn/Ge SLs on et 0l 00) m
(001) Ge. Si (100) *

C 5i/GellOO) +
Ge/Si 0100) x

2. Si/Ge heterostnctures
200 300 400 500 GOW

The MBE system is equipped with a rear view substrate temperature ( *C )
LEED system combined with a Vidicon camera Fig. 1. Mean terrace width on the surface of Si (001) and Ge

and AES to obtain information about the mor- (001) homoepitaxial layers and for I ML Si on Ge (001) and I

phology and the chemical composition of the ML Ge on Si (001) as a function of the growth temperature.

surface. As a Si source, we use a specially designed
sublimation cell. Ge and Sn are evaporated from
conventional Knudsen type effusion cells. We use Si and Ge homoepitaxial layers grown at these low

extremely low growth rates of about 1- 5 A/min temperatures are shown in fig. 1. Optimum surface

or less. The pressure during gro," ,1- s within the quality is achieved at 450 0 C and about 700 °C for

10-1' mbar region. The suhstri'e is heated by Ge and Si homoepitaxy, respectively. These higher

radiation. A very importar t, 'ure is the capabil- temperatures are used for growth of appropriate

ity to cool the substrate holder alternatively with homoepitaxial buffer layers on Si or Ge substrates

water or liquid nitroren. This allows precise tem- before we deposit the superlattice structures on

perature control and rapid variation down to very top of it. Fig. 2 shows the condensate/substrate

low temperatures. For more details about the MBE ratio of the AES intensities of the Si(92 eV) and

system. see r,:is. 114.181. Typical growth tempera- Ge(47 eV) lines as a function of T for I ML Ge

tures (T) for Si/Ge and Sn/Ge SLs are in the on (001) Si (fig. 2a) and I ML Si on (001) Ge (fig.

range of 250 to 4000 C and 40 to 3000 C, respec- 2b). The escape length of the Auger electrons is
tively. 5.5 A for Si(92 eV) and 7.5 A for Ge(47 eV). The

In order to determine the optimum growth dashed and the pointed arrows mark the expected

temperature for the individual interfaces, we per- Auger ratio of ideal atomically sharp heterostruc-

formed detailed LEED and AES measurements.
First we studied the surface flatness and the inter- 0.5 0.5
face sharpness of one monolayer (ML) Si on (001) 04
Ge and I ML Ge on (001) Si as a function of T. x x
Fig. I shows the mean terrace width measured by 0.3 - + 0.3

spot profile analysis in a Vidicon based LEED 0.2 a) x 'c x_ 0.2 -

system following the concept of Henzler [191. The 0.1 b) + 0.1
mean terrace width is beyond the detection limit c) *
of about 200 A of our system for 1 ML Si on Ge 0.0 . . . . 0.0
grown at T = 350 *C and decreases to about 70 A 200 250 300 350 400 450
at T = 2500 C. For 1 ML Ge on Si there is a substrate temperature ( 0C )
maximum in surface flatness in the temperature Fig. 2. Normalized condensate/substrate ratio of the AES
range of 310 to 3600C. However, the mean ter- intensities of the Si(92 eV) and Ge(47 eV) lines as a function of
race width is considerably smaller in this case. growth temperature: (a) for 1 ML Ge on Si (001), (b) I ML Si

Additionally, the measured mean terrace widths of on Ge (001) and (c) 2 ML Sin jGeo alloy on Ge.

Al
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Fig. 3. Relative change of the lateral lattice constant as a function of thickness for (a) Ge on Si (001) (right scale) and (b) Si on Ge
(001) substrate (left scale). The growth temperature was T = 310 0 C for both heteroepitaxial layers.

tures. For 1 ML Ge on Si we observe a deviation lattice constant of the Si substrate up to 6 ML
from the ideal ratio at T > 330° C. At higher [22]. However, the mean terrace width is only
temperatures. intermixing and three-dimensional about 50 A for the first three ML Ge and then
growth occurs. The AES results for I ML Si on Ge decreases with increasing thickness. Three-dimen-
substrate in fig. 2 indicate a deviation from the sional (3D) growth occurs beyond 6 ML (Stran-
ideal curve (dashed arrow) already at T = 280 0 C. ski-Krastanov growth mode). The surface quality
This is basically due to Ge segregation on the Si improves again after 30 ML Ge. A nearly smooth
layer [20,21]. At higher temperatures, intermixing surface is regained after the deposition of about
must also be taken into account [14]. As a com- 100 ML. The Ge film then provides a lateral
parison, we also included the measured AES ratio lattice constant which is about 3.1% larger than
for 2 ML Si 0 _,Ge0.5 alloy grown at T = 300'C on that of the Si substrate, that means, the Ge film is
Ge (fig. 2c). It indicates the sensitivity of this partly relaxed. The width of the region of 3D
method. The measured value corresponds to the growth (additional LEED spots owing to facets)
signal obtained from nominally 1 ML Si on Ge and the level of Aa/asi depend strongly on the
grown at T = 350 - C. growth temperature. At higher temperatures there

The information in figs. 1 and 2 as well as is a much stronger tendency to island formation
similar AES and LEED measurements within
pseudomorphic Si/Ge SLs on Si and Ge sub-
strates demonstrate that T should be kept at 30 _
about 280 and 320*C during the formation of the cc 20 - Si/Ge(100) o
Si/Ge and the Ge/Si interface, respectively, in - ' e/Sil10o *
order to achieve maximum interface abruptness 10 Y
and still relatively large lateral uniformity. LEED
spot profile analysis is also used as a sensitive 5 * .... .
instrument to follow the lateral lattice constant of
the structures and thus the relaxation process with
increasing thickness by evaluating the spot sep-
aration [181. Fig. 3 shows the relative change of c
the lateral lattice constant as a function of the 1

thickness for Ge on (001) Si (fig. 3a) and for Si on

(001) Ge (fig. 3b) grown at T - 310*C. Parallel thickness ( monolayers )
to these measurements, we again determined the Fig. 4. Mean terrace width on the surface of Si on Ge (001)
mean terrace width for both heterostructures as and Ge on Si (001) as a function of the thickness of the

plotted in fig. 4. The Ge overlayer adapts to the corresponding layer. The growth temperature was T = 310 0 C.
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[23,241. The behaviour of Si.Ge t -x alloys on Si is 400- a. Si 9Ge3ISi
similar, but the beginning of island formation is 300

shifted towards larger thicknesses depending on 300
the Ge content (25]. -- - --- S, - e--- shutter

The change of the lateral lattice constant as ".
well as the flatness of the surface for Si on (001) b: Si3Geg/Ge

Ge is also demonstrated in figs. 3b and 4, respec- 300
tively. Up to about 8 ML, the Si overlayer is 200 -- er-, + Si + e" + -- shutterlatterally extended by 4.2% to match the Ge sub- 200 Se

strate. For higher coverages, the Si film begins to I I........_II_. I, I
relax towards its intrinsic lattice constant by for- 0 2 4, 6 8 10 12time ( min )
mation of misfit defects. In contrast to Ge, on Si

Fig. 5. Optimized substrate temperature during growth of (a) a
there is no pronounced 3D growth mode at Tg SigGe3 SL on Si (001) and (b) a Si 3Ge9 SL on Ge (001)
310'C. The mean terrace width at the surface is substrate. The growth rates are 5 A/rain for Ge and 1.5

close to the detection limit of the LEED system A/rain for Si. The dashed vertical lines mark the times when
up to 3 ML Si, in contrast to the case of inverse the shutter of the Si or Ge source is opened.

strain (compressive) for Ge on Si. After 3 ML Si
on Ge there is a significant decrease of the mean
terrace width. Between 6 and 8 ML Si the film below 325°C during the formation of the inter-
starts to relax as determined from detailed analy- faces of Si/Ge SLs. On the other hand, especially
sis of the energy dependence of the LEED spot for Si homoepitaxy higher growth temperatures
profiles. Consequently, in both cases - Si on Ge are recommended to obtain good surface flatness.
and Ge on Si - the LEED results show that the Therefore, best crystalline quality for short period
surface of a 6 ML film exhibits already many Si/Ge SLs can only be achieved by variation of Tg
random steps of different atomic height, but the during deposition of the individual layers follow-
interface is still pseudomorphic. Therefore 6 ML ing the SL periodicity. Fig. 5 shows such an opti-
is the critical thickness for lattice matched growth mized substrate temperature profile during growth
of Si on Ge and Ge on Si substrate (arrow in fig. of a pseudomorphic Si9Ge3 SL on (001) Si (fig. 5a)
4). The limit of two-dimensional growth is, how- and a Si 3Ge 9 SL lattice matched to a (001) Ge
ever, reached already at 3 ML Si (indicated by the substrate (fig. 5b). The growth rates are 5 A/min
dashed arrow in fig. 4). for Ge and 1.5 A/min for Si. The dashed vertical

The basic conclusion from figs. 3 and 4 is that lines mark the times when the shutter of the Si
the limitation in thickness of the individual Si source or the Ge source is opened. In both cases
(Ge) layer of pseudomorphic SimGen SLs com- of figs. 5a and 5b the minimum temperature (Tg =
posed of m ML Si and n ML Ge on [001] oriented 280'C) is adjusted at the time when the Ge
Ge (Si) substrates is 6 ML. However, it is also shutter is closed and the Si shutter opens, i.e.
demonstrated, that the best SLs can be realized on during the formation of the Si/Ge interface. This
Ge substrates if the thickness of the Si layers is lowering of the temperature is necessary to avoid

less than 4 ML. For asymmetrically strained Si/Ge Ge segregation (see fig. 2). After deposition of
SLs, a overall superlattice critical thickness must about 3 to 4 ML Si on Ge, T is increased slowly
be taken into account, which limits the achievable to about 380 °C, which is reached at 8 ML Si (fig.
thickness [27]. It depends on the ratio m/n and 5b). This is necessary in order to achieve reasona-
the growth temperature. ble surface flatness for Si. According to fig. 1,

even higher temperatures would be required for

3. optimum conditions. However, a variation of Tg
Si/G sby more than 100 °C would demand growth inter-

The LEED and AES measurements discussed ruptions and would also cause intermixing. The
in the last section demonstrate that T should be substrate temperature is adjusted to T= 320 C
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Si sub Si sub.

Si9Ge3

(001)
Si sub.

Fig. 6. TFM cross-sectional bright field images of Si9Ge3 SLs on Si (001) substrates. The samples have been grown at different
temperature profiles: (a) 225 < T < 310oC. (b) Tg = 4000 C constant and (c) 280 < T, < 380 0

C.

when the Si shutter closes and the next Ge layer image in fig. 6a shows sharp and flat interfaces in
starts. This is based again on the results shown'in the first few periods of the SiGe, SL. However.
fig. 2. with increasing thickness the interfaces between

Fig. 6 shows TEM micrographs of three SigGe, the individual layers become more and more wavy
SLs on (001) Si substrates grown at different and finally the periodic structure is almost lost.
temperature profiles. The sample obtained with a This is a consequence of the extremely low sub-
temperature variation as described in fig. 5a is strate temperatures which have been used in this
shown in fig. 6c. It provides an excellent lateral case. Fig. 6b shows the result of a SinGe3 SL
uniformity and a clear contrast between the indi- which was grown at too high temperature. The
vidual layers. The SL contains 20 periods and has contrast between the individual layers is very weak
a total thickness of 335 A. which is far below the compared to the two other samples. This indicates
critical thickness of about (800 ± 200 A) for this considerable intermixing between the individual
SL composition [271. This means that the Ge layers. In addition, also misfit defects appear in
layers are lateraly compressed by 4%, whereas the this TEM image. The surface roughness is due to
Si layers are unstrained. In cross-sectional TEM the increased tendency to three-dimensional
specimens of this sample, there was no indication growth with higher temperatures. AES measure-
of misfit dislocations over the whole examined ments which have been performed on this sample
area. The sample in fig. 6a has been grown by show that during the overgrowth of the first 3 ML
varying the temperature between T = 225 °C and Ge film about 1.5 ML Ge segregate on top of the
310°C. Sample 6b was prepared with a constant growing Si layer, which are then slowly incorpo-
substrate temperature of Tg = 400 * C. The TEM rated. This continues throughout the deposition of
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the whole SL and results in an increased Ge Sn2Ge20

content with increasing SL thickness. _
Detailed LEED, AES, Raman spectroscopy and 0 %_

TEM studies on Si/Ge SLs which are lattice 100

matched to Si clearly indicate that much better 0 -
interface sharpness can be achieved by variationK e r S]00-c Ge shuter

of the substrate temperature during growth. __

On (001) Ge substrates the mean terrace width time min)
which can be achieved for Si overlayers up to 3 Fig. 7. Growth temperature of a Sn(Ge,(, SL on Ge (001)

ML thickness is considerably larger, as pointed substrate as a function ot time. The growth rates are 5 A/min

out in figs. I and 4. As a consequence. the inter- for Ge and Sn. The dashed vertical lines mark the times vhen

face uniformity of short period Si,,Ge. SLs on Ge the shutter of the Ge or Sn source is opened. Within the time
intervals marked b' crosses the growth process is interrupted

is usually superior to those on Si substrates. espe- to change the temperature.
ctialy for m < 4. Raman spectra [281 and TEM
micrographs [26] demonstrate the excellent struct-
ural properties of the Si/Ge SLs which have been tendency of Sn to segregate on the Ge film during

grown on Ge substrates at a constant temperature overgrowth demands a minimum temperature of

of T= 310°C. Additional improvement in the less than 50'C at the Ge/Sn interface. The Sn

interface sharpness can be achieved by using the segregation on the surface increases drastically

optimized temperature profile for a Si 3Ge, SL on with the growth temperature of the Ge layer as

Ge shown in fig. 5b. At the Si/Ge and the Ge/Si measured bv AES [29]. For good epitaxial growth

interface. T, is again 280 and 320 0 C. -espectively. of Ge. it is on the other hand necessary to go to

The maximum temperature of about 340'C is T = 250°C. As a compromize we varied T by

achieved within the 9 ML Ge film. For Ge homo- about 200'C during deposition, as shown in fig.
epitaxy there is no substantial improvement of the 7. This considerable temperature variation is

surface flatness with higher temperature, which achieved within a reasonable time by effective

would demand for a further increase of this tem- cooling of the substrate holder with liquid nitro-

perature. as can be seen in fig. 1. gen. Fig. 8 shows a TEM cross-sectional image of
a 20 period Sn2Ge,1 SL on (001) Ge substrate.
The temperature profile shown in fig. 7 has been

4. Sn/Ce superlattices recorded during growth of this sample. The dark
and bright lines correspond to the Sn and Ge

In this last section we discuss first results of layers, respectively. The SL is lattice matched to

M BE growth of short period Sn/Ge SLs. The
growth temperature of a SnGe,1 SL on (001) Ge
as a function of time is shown in fig. 7. The
growth rates are 5 A/min for both materials. The
dashed vertical lines mark the times when the
shutter of the Ge or Sn source is opened. Within
the time intervals marked by crosses, the growth
process is interrupted to adjust the appropriate
temperature before the deposition is continued.
The temperatures during the formation of the
interfaces are again chosen by following the re-
suits of LEED and AES measurements on Sn/Ge Ge buffer
heterostructures. Due to the lattice mismatch be- Fig. 8. TEM cross-sectional bright field image of a 20 period

tween Sn and Ge of about 13%, the critical thick- Sn2Ge,0 SL on Ge (001) substrate. The sample was grown with

ness for Sn on (001) Ge is only 2 ML. The extreme the temperature profile shown iti fig. 7.
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the Ge substrate. This means that the Sn layers [5) S. Oguz, W. Paul, T.F. Deutsch. B.Y. Tsaur, D.V. Murphy,

are lateraly compressed by 12.8%. Despite the AppI. Phys. Letters 43 (1983) 848.

large variation of T during growth, there exists [6] U. Gnutzmann and K. Clausecker, AppI. Phys. 3 (1974) 9.
g[7] M.A. Gell, Phys. Rev. B38 (1988) 7535. and references

still considerable intermixing at the Sn/Ge inter- therein.
face. The results, however, demonstrate that far [1 W. Wegacheider, K. Eberl, U. Menczigar, .1. Olajos. G.
away from thermodynamic equilibrium condi- Abstreiter and P. Vogl, in: Proc. 20th Intern. Conf. on

tions, it is possible to achieve new kinds of SLs Physics of Semiconductors, Thessaloniki, 1990 (World
Scientific, Singapore, in press).which consist of extremely dissimilar materials [91 P. Vogl, to be published.

like a-Sn and Ge. [101 E. Kasper, H.J. Herzog and H. Kibbe), AppI. Phys. 8
(1974) 199.

[11] i.C. Bean, L.C. Feldman, A.T. Fiory, S. Nakahara and

5. Cncluin .K. Robinson, J. Vacuum Sci. Technol. A2 (1984) 436.
[121 J. Bevk, A. Ourniazd. L.C. Feldman. T.P. Pearsall, J.M.

Bonar. B.A. Davidson and J.P. Mannaerts. AppI. Phys.
We have demonstrated that short period Si/Ge Letters 50 (1987) 760.

and Sn/Ge SLs can be realized on Si and Ge [131 E. Kasper, H. Kibbe]. H. Jorke. H. Brugger. E. Friess and
substrates by low temperature MBE. Detailed G. Abstreiter, Phys. Rev. B38 (1988) 3599.
LEED and AES measurements were performed to [14] K. Eberi, W. Wegacheider, E. Friess and G. Abstreiter. in:

determidne the optimum growth parameters for the Heterostructures on Silicon: One Step, Forward with Sili-
con. Eds. Y.I. Nissim and E. Rosencher (Kluwer.

different heterostructures. Based on these results Dordrecht, 1989) p. 153.
and additional ex situ characterization techniques [15] P.R. Pukite. A. Harwit and S.S. Iyer. Appl. Phys. Letters
like TEM and Raman spectroscopy, it is possible 54 (1989) 2142.

to optimize the temperature modulations during (161 5.1. Shah, J.E. Greene, L.L. Abels. Q. Yao and P.M.

growth in order to achieve nearly atomically sharp Raccah. J1. Crystal Growth 83 (1987) 3.
[171 H. Hdchst, M.A. Engelhardt and I. Hernhndez-Calder6n.

tnterfaces and high quality short period super- Phys. Rev. B40 (1989) 9703.
lattices. [181 K. Eberl, G. Krdtz, T. Wolf. F. Schiffler and G. Ab-
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The interfaces in strained-layer Si,,Ge, superlattice (SLs) characterized by X-ray diffraction, Raman scattering and scanning
tunneling microscopy are shown to deviate from the idealized form assumed in most calculations on electronic and optical properties.
Electron microscopic investigations reveal that along the interfaces there exist thin regions of ordered alloys. In Si-rich SLs, the
structure of these regions is dominated by growth-induced rhombohedral RS2 order, whereas with increasing Ge-content the fraction
of RSI domains becomes larger. The RSI structure is found to be reversible, while the RS2 structure is not. Theoretical models.
taking into account either growth kinetics or ground state properties, cannot explain all of the observed features.

I. Introduction approach, thick Si,,Ge, SLs are grown on a
Sit -Ge, alloy buffer layer with a lattice constant

The structure of the interfaces in semiconduc- intermediate between those of Si and Ge. Al-
tor superlattices (SLs) may have a profound effect though photoluminescence results obtained on this
on their optical and electrical properties. In theo- kind of structure have also been interpreted in
retical calculations interfaces are often considered terms of band structure effects [91, the elucidation
to be ideal, i.e. perfectly flat and abrupt and free of the electronic structure has remained unsatis-
of any defects. Experimentalists, however, are factory until now, due to the high defect density
often plagued by considerable deviations from (> 109 cm -2) at the surface of relaxed buffer
ideality. This is true in particular for strained-layer layers [10]. We present here a detailed study of the
systems like Si/Ge which for years were difficult interface structure of Si,.Ge. SLs, lattice-matched
to control [1]. One of the main challenges in this to either Si(100) or to various Sil -Ge, buffer
field are ultra-short period SLs composed of alter- layers including pure Ge (x = 1). The investiga-
nate layers of pure Si and Ge with thicknesses tion has been triggered by the surprising discovery
approaching monolayer dimensions. Following the of atomic ordering along the interfaces [11] which
first attempts of Bevk and coworkers [2] to fabri- appears to be analogous to the ordering in strained
cate such SLs on Si(100) and increasing number of and unstrained Sit -,Ge alloys [12-14].
research teams has joined the effort [3].

Meanwhile short-period SiGe, SLs grown
pseudomorphically on Si(100) and Ge(100) have 2. Experimental
indicated [4,5] the new optical transitions expected
theoretically 16,7]. Thickness limitations [1] im- Details of the MBE growth procedure have
posed by the lattice mismatch of 4.2% have led to been given elsewhere [15,16]. All heterostructures
the concept of strain symmetrization [8]. In this have been grown on the two domain (2 X 1)- and
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(1 X 2)-reconstructed Si(100) surface. The sub- transmission electron microscope (Philips CM 30),
strate temperatures T, ranged from 673 to 750 K equipped with a ± 30 0 tilting goniometer.
for the growth of all SLs. For the Si, _,Ge, buffer
layers. T, was chosen as high as possible, but
sufficiently low (typically < 820 K) to avoid 3. Results
surface roughening [15]. Buffers of Ge with good
crystalline quality (etch pit density < 106 cm- 2) The quantitative characterization of interfaces
were obtained by growing the first -0.1 um at becomes increasingly difficult when the relative
690 K and then slowly ramping the temperature volume of the interface regions increases, i.e. when
up to 800 K and by annealing at 970 K. Defects the SL period becomes smaller. Therefore results
were revealed by diffusing Sb ( - 1019 cm - 3) to a on high-resolution XRD are scarce; this is perhaps
depth of - 0.2 lm and a subsequent HF etch. due in part to the difficulty to observe the high-
The growth rates for the SLs were varied between angle SL satellites for periods below typically 3
0.05 and 0.1 nm/s, depending on the substrate nm [20]. Raman scattering from longitudinal (LO)
and T-. For SLs lattice-matched to Si a suffi- optic phonons has become an important tool for
ciently high Ge growth rate (- 0.1 nm/s) was interface characterization. The spectra are domi-
found to be crucial in order to avoid the forma- nated by a three-mode structure attributed to
tion of islands. All SLs and buffer layers were mainly Ge-Ge. Ge-Si and Si-Si vibrations, with
examined by Rutherford backscattering (RBS) and energies increasing in the same order. The exact
X-ray diffraction (XRD) in order to determine the positions of the Raman peaks depend, however.
composition and the amount of strain relaxation on strain, alloying and confinement effects [9.16,
as well as the degree of crystalline perfection. For 21-231, all of which have to be separated if
the RBS and channeling experiments, 2 MeV He' quantitative statements are to be made. Interface
ions were used. Most XRD measurements were abruptness is often judged qualitatively by corn-
carried out on a conventional computer-controlled paring the height of the Si-Ge peak with that of
powder diffractometer equipped with a bent quartz the other two peaks. Sincc, with decreasing layer
crystal monochromator allowing nearly complete thickness, the relative peak intensities become
suppression of the Cu Ka, line. A few SLs grown dominated by resonance effects, this method is
on Si(100) were characterized by high resolution not free from ambiguities.
XRD using both symmetric and asymmetric Bragg As an example, fig. I presents the Raman spec-
reflections. X-ray topography in combination with tra of a 31 period Si 3Ge, SL grown on a relaxed 2
these measurements showed that these structures im thick Ge buffer layer at T, = 673 K. The laser
are pseudomorphic and free of defects [17]. The wavelengths 514 and 458 nm have been chosen for
Raman measurements were carried out in back- the upper and the lower curve, respectively. Obvi-
scattering configuration with a conventional setup ously, the intensity ratio between the Si-Ge and
described in ref. [18]. Some SL surfaces were in- the Si-Si peak is rather different in the two cases.
vestigated with a special type of scanning tunnel- It should be emphasized that this particular SL is

ing microscope (STM) [19], in which the STM is one of the few with periods below 2 nm in which
located in a separate chamber attached to the the high-angle ( - 1) SL satellite has been observed
analysis chamber of the MBE system. by XRD besides the (400) reflection. From the

For the electron microscopic investigations, two separation of the 0th-order SL reflection from the
different specimen preparation techniques were Si(400) reflection the Si layers are found to be
applied. The samples were thinned by ion milling coherently strained. The question to what extent
using argon gas. and, in order to ensure that the the Si layers are actually alloyed with Ge is dif-
observed diffraction effects were not due to ion ficult to answer on the basis of the Raman experi-
beam damage, the experiments were repeated using ments, since strain, alloying and confinements ef-
specimens cleaved along (110) planes. The speci- fects all shift the Si-Si peak position to lower
mens were subsequently studied using a 300 kV energies [9,16,21-23]. A comparison of the various
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peak heights would, on the other hand, require The structure of the islands of monolayer height is
detailed modeling [241. The position of the Ge-Ge exactly the same as for a homoepitaxial layer of Si
peak yields more quantitative information in this grown under identical conditions. The surface of
case. It lies at 296.8 cm-1. For the buffer layer, homoepitaxial Ge grown in the same way as the
the corresponding peak is found to be at 299.4 Ge layers in the SL (rate 0.1 nm/s, T; = 673 K)
cm-. somewhat below the position for bulk Ge has an entirely different appearance (fig. 2b): the
due to the expansive strain caused by the different same irregular step structure occurs as for Ge
thermal expansion of the Si substrate. The dif- grown at higher temperatures in the step flow
ference of 2.6 cm-' must be attributed to confine- regime. Considering the observations of RHEED
ment or alloying or to both. Neglecting confine- intensity oscillations at temperatures above 673 K
ment effects puts the upper limit of the average Si and for lower growth rates [251, we have to assume
content in the Ge layers to -7%. Hence the that in the present case all Ge atoms in two-di-
interfaces cannot be considered abrupt on an mensional islands have diffused towards the step
atomic scale, although the inclusion of confine- edges during cool-down, Our STM results there-
ment effects would lower the upper limit of 7% fore do not allow us to describe the microscopic
somewhat. This follows also from a consideration surface structure of the Ge layers during the
of the growth mode. Growth by two-dimensional growth of a SL. The Si/Ge interface, on the other
nucleation of islands having monolayer height can hand, is probably microscopically rough due to
be inferred from the observation of RHEED in- the presence of a large number of monolayer steps
tensitv oscillations on SLs grown lattice-matched such as those shown in fig. 2a.
to Si [25]. The damping of the oscillations indi- For SLs lattice-matched to Ge. "sharp" inter-
cates. however, an increasing roughness of the faces have been obtained at much smaller growth
surface as the growth continues. An estimate of rates and lower substrate temperatures [9.22,261.
the degree of roughness which is to be expected Our own experiments indicated that at To, around
for the present growth conditions can also be 720 K substantial interdiffusion or "intermixing"
obtained from scanning tunneling microscopy, during growth cannot be prevented, even for de-

Fig. 2a shows the surface of the same Si3Ge9  position rates around 0.1 nm/s. At the same time,
SL as that presented in fig. 1, terminated by Si. however, the morphology, i.e. planar growth. could

be controlled. The situation is different for struc-
tures lattice-matched to Si for which there is com-

514rn pelling evidence that Ge tends to form clusters,
and this poses the major growth technological

4 problem. "Sharp" interfaces can, however, be ob-
tained if the Ge deposition rates are chosen suffi-
ciently high. As an example. the Raman spectrum

54 of a 25 period SL grown at T = 730 K is shown
Iin fig. 3. The thickness of the Ge layers is close to

.. 4 45Bnn the critical value of 6 ML for pseudomorphic
growth (2]. Since (quasi-) confinement effects in

6Ge layers of this thickness are small [16,23], the
iGe-Ge mode is affected primarily by strain and

alloying. The observed position of the resolution-
limited peak at 315 cm - is consistent with pure

100 300 50 Ge layers strained to the Si lattice constant [16.23].
Paxman Shift [11/cm the shoulder on the low energy side of the Ge-i-e

Fig. 1. (a) Raman spectrum of a 31 period Si3Ge ) SL (No. 557) peak and the size of the Si-Ge peak reflect the
grown lattice-matched to a 2 #m thick Ge-buffer layer at 673
K. Laser wavelength is 514 nm; (b) Raman spectrum of the presence of thin alloyed regions at the interfaces.

same SL as in (a) excited at 458 nm. From high resolution XRD the size of these re-

I,
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gions is estimated to be of the order of 1 ML [17]. The results on SLs, lattice-matched to Si or Ge,
Reducing the Ge deposition rate to 0.05 nm/s, indicate that excellent crystalline quality and rea-
two-dimensional growth could no longer be main- sonably sharp interfaces can be obtained if the
tained at the same substrate temperature. thicknesses are below the critical values estab-

Fig. 2. (a) Scanning tunneling microscope (STM) image of the Si1Ge9 SL No. 557 terminated by Si; (b) STM image of Ge grown

homoepitaxiaily on a 2 ium Ge buffer layer at the same temperature and growth rates as SL No. 557 (673 K. 0.1 nm/s).
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spots or just streaking have been observed in all
investigated SLs (at least 18) as well as in alloy

Ibuffer layers of the same average composition
.0 grown and investigated for comparison. In SLs for
I which Raman and high resolution XRD indicate

sharp interfaces within the limits discussed above,
.it has often been difficult to observe the additional

0ing may be extremely weak. From the symmetry
Hof the observed SAD patterns doubling of the

Sh ft 1/cm] period along (111) directions can be concluded;

Fig a an mo Sw l c hd this has been explained in terms of an alternate
Fig. 3. Ramani spectrum of SL No. 232 grown lattice-matched bilayer stacking of Si and Ge atoms, respectively.

to Si at 730 K. Excitation wavelength 514 nm.
There are two possible stacking sequences. The
first sequence, SiSiGeGeSiSiGeGe, is character-

lished by People and Bean for growth at 550'C ized by the occupation of the widely spaced { I 1}
[271. Unfortunately, this is not the case for strain- planes with the same type of atom [121. Hence-
symmetrized SLs grown on alloy buffer layers. In forth this rhombohedral stacking structure will be
this case all results known from XRD and RBS called structure RS1, in accordance with ref. [29].
channeling reveal poor crystallinity compared with In the other type of stacking structure, RS2. the
the case of elemental substrates [16,20. This is closely spaced {111) planes are occupied by atoms
due exclusively to the essentially unsolved prob- of the same kind. In the original observations of
lem of preparing a relaxed alloy buffer layer with order in Si I - Ge alloys [12,131 structure RS2 was
good morphology and low defect density [10,16]. dismissed because it is microscopically strained
The sharpness of interfaces in symmetrically and therefore is less stable according to theoretical
strained SLs does not suffer to the same extent as predictions [29,30]. LeGoues et al. have shown,
long as growth temperatures are kept low enough, however, that the RS2 phase is present in un-
typically at 673 K or below [8,9,16,26,28]. strained alloys [14]. In order to determine the

All results presented so far indicate that, irre- nature of the observed order in the present case
spective of the substrate and the growth proce- the relative intensities of different diffraction spots
dure, the interfaces in elemental Si/Ge SLs can- have been compared. The diffraction patterns can
not be considered sharp on a monolayer scale. only be structurally interpreted by comparing the
This is corroborated by transmission electron mi- experimental data to diffraction intensities derived
croscopy (TEM), which also proves that the inter-
diffusion zones along the interfaces are not simply
random alloys but ordered structures [11). As an
example, fig. 4a shows a selected area electron
diffraction pattern (SAD) obtained on the same
Si 3Ge9 SL as discussed previously. The corre-
sponding pattern for a Si-rich strain-symmetrized
SL, i.e. (Si 6 Ge4)110, is displayed in fig. 4b. Apart
from the SL satellites, additional spots at [1h k 1]
are present for h, k, I all odd, as well as streaks
through these spots along the growth direction.
For all SLs lattice-matched to Ge, the half-order F. 4. (a) SAD of SL No. 557 (Sip,); (b) SAD of SL No.

msurrounded by SL satellites. s g n 273 consisting of 110 periods of Si 6Ce lattice-matched to anspots ae salloy buffer layer of the same mean composition; (c) SAD of
on Si substrates do not show this feature and SL No. 257 consisting of S0 periods of Si 2Ge7 lattice-matched
those on Si1 _ Ge. only very weakly. The half-order to a Ge buffer layer.

It
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13/2 11. - 1(-3/2. /2,1/2) 1(-3/2 1V2-3/2) -. ,-32-. 12.12)

1.0 1.0

0.0 
0.0 .

ab
1.0L 1.0

0 50 100 0 50 100

Thickness rm] Thickness [m]
Fig. 5. (a) Calculated intensity difference between the (2 ,) and the (= ) reflections as a function of specimen thickness for RSI

order: (b) same as in (a) but for RS2 order.

from computer simulations. As a consequence of patterns shows that the RS2 structure dominates
the dynamical scattering of the electron beam, a in the cases of Si-rich SLs and alloys (fig. 4b). In
kinematical calculation is not satisfactory. There- the case of mere streaking such as observed in SLs
fore the intensities were determined by a Bloch- lattice-matched to Si, e.g. in the one discussed in
wave calculation [31]. Fig. 5 presents the respec- fig. 3, an unambiguous assignment of the interface
tive calculations of the intensity difference be- structure is not possible. In symmetrically strained
tween the ( ) and the ( 1 14) reflections, M SLs, however, that assignment is possible since in
- 1( 1 1 ),, as a function of the specimen thickness, this case the additional spots are sharp (fig. 4b).
for both models (in arbitrary units). The intensity With increasing Ge-content the contribution of
of the reflection is always equal to or smaller RS1 domains by volume becomes more important
than 1(144) for structure RSI (fig. 5a), while for (fig. 4c). This follows also from the structural
structure RS2, 1( 3' 1) is always equal to or greater changes induced by annealing. In all specimens,
than )(fig. b). The intensity of the i.e. SLs as well as alloys, SAD patterns indicate
reflection had to be used for this calculation in- that the RS2 domains vanish upon annealing to
stead of that of the ( ) reflection, because T,> 820-850 K. The RS1 domains in Ge-rich
otherwise spots which belong to two differently samples, however, can be assumed to persist above
oriented domains would be compared. A compari- this temperature range. Fig. 6a shows, as an exam-
son of the observed and the calculated diffraction pie, the SAD pattern of an 80 period Si 2Ge,

Fig. 6. (a) SAD pattern of SL No. 257 (Si2Ge7 pown lattic-matched to Ge at 720 K and annealed to 870 K for 30 min); (b) SAD
pattern of the Partly relaxed Sio.6sGO0.35 aa grown alloy No. 500; (c) SAD pattern of alloy No. 500 after annealing to 970 K for 30

rin); (d) SAD pattern of alloy No. 500 after annealing to 970 K for 4 h.

I : ":2
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(nominal composition) SL, lattice matched to Ge fourth monolayers in such a way that equal atoms
after annealing to 870 K for h. Whereas the SL lie above one another. Monte Carlo simulations
satellites have vanished, the half order spots due performed for alloys lattice-matched to Ge sub-
to the RS1 structure are still present. It should be strates [39] indicate that for this case the site-de-
emphasized that the relatively high growth tem- pendent occupation in the third monolayer is al-
perature of this SL, i.e. 720 K, leads to apprecia- most completely absent. Accordingly, the prefer-
ble interdiffusion. The as-grown SL is thus com- ence for RS2 type order is much less pronounced;
posed of Si, _Ge, instead of pure Si layers. and this explains our observations for Ge-rich
Accordingly, the ordering effects appear very samples. One serious drawback of the model pro-
clearly in the SAD patterns. posed by LeGoues et al. is that the assumption of

All ordered domains vanish eventually when growth by the motion of bilayer steps [37] is hard
the samples are heated to above 1070 K and to reconcile with observations of RHEED inten-
cooled down rapidly. Upon slow cooling, however, sity oscillations implying monolayer growth [25].
the RS1 structure reappears, and this proves that Moreover, the model cannot explain the observed
the corresponding phase transition is reversible. In reversibility of the transition to the RS1 structure.
fig 6b-6d, the SAD patterns obtained on a Si-rich Recently, Mader et al. [40] have shown that order,
SiI - Ge, alloy are presented for the as-grown case confined to a few monolayers, can occur at inter-
(fig. 6b). after annealing to 970 K for 30 min only faces despite bulk instability of the resulting phase.
(fig. 6c) and after prolonged (4 h) annealing at 970 The model takes into account both strain and
K (fig. 6d). The as-grown sample, as indicated by chemical effects, which generally compete with
the SAD pattern, has pronounced RS2 ordering each other in lattice-mismatched systems. In su-
(fig. 6b), and this ordering completely disappears perlattices, the mutual elastic interaction between
after annealing to 970 K (fig. 6c). When the same interfaces can even further enhance the stability of
sample is annealed at 970 K for a long time, confined order. As in other ground state models
however. RSI order is found to reappear (fig. 6d). [29,30], the RS1 structure is found to be more

stable, although in the presence of an interface
even RS2-type order becomes more favorable

4. Discussion compared with the corresponding bulk phase. Even
though growth-related aspects are neglected in this

As has been discussed in the preceding section, model, it does, at least, provide a valid description
the interfaces in strained-layer SimGen SLs can be of elastic interface interaction once the interfaces
assumed to consist of domains of RS1 and RS2 have been formed. The model can therefore ex-
order instead of being atomically sharp. Since plain the absence of streaking in the SAD patterns
similar observations have been made on SLs grown of the short-period SLs, since interface interaction
at even lower temperatures [32,33], it may be causes the order to be a truly three-dimensional
concluded that the observed features are of gen- phenomenon.
eral significance and have to be related to the
growth process. Results obtained by other groups
on Ge segregation at surprisingly low tempera- 5. Conclusions
tures point in the same direction [34-36]. The first
model for the process of ordering induced by On the basis of the available experimental data,
surface growth kinetics has been put forth by it is concluded that interfaces in strained-layer
LeGoues et al. [37]. These authors have explained Si,,Ge, SLs are characterized by ordered alloyed
the RS2 type order in their relaxed alloy layers by regions instead of being sharp on a monolayer
site-dependent surface stresses associated with the scale. Whereas for SLs and alloys with cell param-
(2 X 1) surface reconstruction [38]. From this it eters close to that of Si, growth-induced RS2 order
follows that there is a tendency for Si and Ge is dominant, the fraction of RSI domains becomes
atoms to occupy alternate sites in the third and larger with increasing Ge content. At present,

4I
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MBE SimGen strained monolayer superlattices

M.A. Kallel, V. Arbet-Engels, K.L. Wang and R.P.G. Karunasiri
Device Research Laboratorv. Electrical Engineering Department. Universit, of California, Los Angeles, California 90024. USA

SiGe, strained monolayer superlattices (SMSs) have been fabricated by molecular beam epitaxy (MBE) and characterized using
photoluminescence (PL) for optical properties and using Raman scattering and X-ray diffraction to verify their structural integrity.
Luminescence features below the Si energy bandgap have been observed and attributed to either dislocations in the buffer layer or to
energy band transitions in the SMS. The effect of rapid thermal annealing (RTA) on the superlattice structure and on these
transitions is reported and a model is proposed to explain the obtained results.

1. Introduction Eberl and coworkers [5] observed luminescence in
Si 3Ge9 superlattices with different thicknesses, a

Advances in SiGe-MBE have allowed the lot of effort has been directed towards the study
growth of high quality Si,,Ge SMSs. Due to the of the luminescence dependence on the periodicity
4.2% lattice mismatch between Si and Ge. layers and the strain conditions of the superlattice [6,7].
of either material can be pseudomorphically grown In this paper, we study the luminescence of
only up to a critical thickness. The lattice mis- strain symmetrized Si,,Ge, superlattices. We at-
match, on the other hand, causes pseudomorphi- tribute the observed PL to either dislocations in
cally grown layers to be strained, which can be the buffer layer or to energy band transitions in
positively exploited for engineering the optical the SMS. We also stud) the effect of RTA on the
properties of SMSs. Also, the strain of the con- superlattice structure and on these transitions.
stituent layers of a superlattice may be symme-
trized through the use of a buffer layer of the
appropriate Ge concentration [1]. In this manner,
SMSs do not have the limitation of a critical 2. Experimental
thickness.

The concept of achieving a direct bandgap The Si,,,Ge, SMSs have been grown by SiGe-
material by virtue of combining two indirect MBE at 380'C. The details of the growth can be
bandgap materials to form a superlattice was first found elsewhere [8]. Two superlattices. Si32Ge,
recognized by Gnutzmann and Clausecker [2]. The and Sit 6Ge4 , each grown on a Si 0.8Ge,.2 buffer
observation of new optical transitions in a Si4 Ge4  layer, have been investigated. The buffer layer is
SMS by means of electroreflectance spectroscopy designed to be fully relaxed (2 m thick) so that
[3] triggered a lot of interest and intensified the strain symmetrization in the superlattice can be
efforts towards understanding the nature of the achieved. The strain distribution is identical for
bandgap of SMSs. The properties of Si,,Ge, SMSs both samples and is calculated to be esi = 0.8%
have been examined theoretically [4] and, with the and cO, - - 3.2%. The total superlattice thickness
proper choice of the superlattice periodicity and is 3000 for both SMSs.
the strain conditions, were found to be promising PL data were taken at 4.2 K. Samples were
candidates for direct bandgap materials, cooled in a helium storage cryostat. All the lines

PL has become a very important tool in study- of an argon ion laser were used for excitation and
ing the optical properties of SiGe, SMSs. After the beam was focused on the sample to a power

0022-0248/91/S03.50 . 1991 - Elsevier Science Publishers B.V. (North-Holland)
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2.5 half the SMS is removed, curve (b) is obtained.
.C) 32x8 SMS Notice that the 1.026 eV peak intensity drops by

2.0 __ b) 4 SM a about 50% and that the 0.965 eV shoulder be-
o comes softer. When the SMS is totally removed,c
(D 1.5 the peak and the shoulder both disappear, as
O 0 shown in curve (c), and the spectrum becomes

CC (b)

C very similar to the 32 x 8 SMS spectrum of fig. 1.
E .The low energy feature observed in the spectra

of both samples is due to dislocations in the buffer
0.5' CO layer [10,11]. Although undesirable, these disloca-

tions are unavoidable since the buffer layer thick-
- ---'-- --. 2 ness exceeds the critical thickness, creating misfit

0.7 0.8 0.0 1.0 1,. 1 .2 dislocations at the buffer layeri'ubstiate irterface
Energy (eV) that partially propagate through the buffer layer.

Fig. 1. PL spectra of (a) Si3,Ges SMS. showing the Si exciton These dislocations may be responsible for quench-
and a broad low energy feature, and (b) Si1 ,Ge 4 SMS, show-
ing. in addition, a peak at 1.026 eV and a shoulder at 0.965 eV. ing the bandgap luminescence of the buffer layer

[101.
RTA was then employed to monitor the peak

density of 8 W/cm2 . Emitted light was collected and the shoulder of the 16 X 4 SMS as a function
and then dispersed with a 0.5 m spectrometer and of annealing temperature. Different pieces cut
detected by a liquid nitrogen cooled Ge detector, from the same wafer were annealed at tempera-
Signals were then measured using a standard lock- tures ranging from 600 to 950'C for a period of
in technique. 60 s each. Fig. 3 shows the evolution of the peak

as a function of annealing temperature. We can
see that low temperature RTA (up to 750'C)

3. Results and discussion enhances the peak intensity and slightly moves the
peak to higher energy. RTA at higher tempera-

The PL spectrum for the 32 x 8 SMS is shown tures reduces the peak intensity and considerably
as curve (a) of fig. 1. We observe the Si substrate moves the peak to higher energy. The peak eventu-
bound exciton at 1.096 eV and a broad low energy ally disappears upon a 9000C RTA. (Although
feature around 0.9 eV. Curve (b) shows the spec- not shown here, the shoulder follows the same
trum for the 16 x 4 SMS. In addition to the fea-
tures observed for the 32 X 8 SMS, a strong sharp
(33 meV FWHM) peak at 1.026 eV and a shoulder 6x4 SMS
a 0.965 eV emerge. These seem to originate from (a) No Etch

the SMS and not from the buffer layer since both 3 (b) Hal fwa Etch

samples have the same buffer layer. The buffer C 2 . Cc) Total Etch
layer. with a 20% Ge concentration, should have a c0 

(Co) " A

bandgap of 1.06 eV 19]. if we assume that it is CD03

totally relaxed. This transition, however, is not c

observed in the PL spectrum of either sample.
To verify that the peak and the shoulder _j

originate from the superlattice and not from the
buffer layer. chemical etching was employed to
gradually remove the 16 X 4 SMS and the PL a 0.- .0 .I .2

0.7 0.8 . 11 1.
spectra were obtained after each etching step. The Energy C eV)
results are shown in fig. 2. The original spectrum Fig. 2. PL spectra of Si16 Ge4 SMS with (a) no etching. (b) half
is repeated as curve (a) for convenience. When the SMS being removed and (c) the whole SMS being removed.

ALL.. .
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High temperature RTA (800'C and higher), how-

16x4 SMS ever, causes considerable interdiffusion and a loss
cc, (a) No RTR of interface sharpness.

0 d (c) 700C RTR To explain the effect of RTA on the optical

,, (d) 750C RTR transitions observed for the 16 x 4 SMS. we pro-
0 e BOOC RTR
(/ " '\C) C 

R
) 850C RTA pose the model of fig. 6. In the as-grown sample.a)l 4-( 
) 5 CT

C interface mixing is minimal and the Si/Ge inter-
E _ / / \ \ faces are sharp, as shown in fig. 6a. Due to high

IE + / \ \\, temperature RTA-induced interdiffusion, what
2 - _\ cf) used to be a Si/Ge superlattice becomes a

- -- ', __ Si/SiGe/Ge/SiGe superlattice, as shown in fig.
--- 6b, where the thickness of the SiGe layers in-

I. 1. .04 1.0f 1

Ene rg, (eV) creases with temperature. The energy band di-agram has been constructed, based on this model,
Fig. 3. Evolution of the peak of Si1,Ge 4 SMS as a function of for different SiGe layer thicknesses. These layers
annealing temperature for (a) no RTA, (b) 600*C RTA, (c)
700oC RTA. (d) 750oC RTA. (e) 800OC RTA and (f) 850oc have been assumed to have a 50% Ge concentra-

RTA. tion. for simplicity, and the energy band offsets
have been obtained from the calculations of Van
de Walle and Martin [131. Using the Kronig-Pen-
ney model to calculate the energy band transi-
tions, it was found that the closest transition to

behavior.) The enhancement of the observed tran- the observed 1.026 eV peak occurs between the
sitions aiter a low temperature RTA could be LH (n = 1) and the X2 (n = 1) bands and that this
attributed to carrier lifetime improvement or to transition, and the other energy transitions as well.
localization of electronic states (due to interface shift to higher energy as the SiGe layer thickness
mixing) [121. Further study, however, needs to be increases, or, equivalently, as the annealing tem-
done to understand the underlying mechanism.

To study the structural variations of the 16 x 4
SMS as a function of annealing temperature, Ra-
man scattering and X-ray diffraction have been
used. Fig. 4 shows the effect of RTA on the folded
transverse acoustic modes of the Raman spectrum. 1.75

Curve (a) of the as-grown sample shows the first 16x4 SMS
and second order modes at 90 and 178 cm * __ CO) No RTR

. (b) 700C RTR

respectively. After a 700'C RTA, the spectrum (b) 700C RTR

does not change, as shown in curve (b). After a c(._c) C RTR

800°C RTA, however, the second order peak dis-
appears and the first order peak decreases in in- .

tensity. The effect of RTA on the X-ray spectrum c 
x' " .

is shown in fig. 5. Five satellites are present in the E (b) ,.,..",
spectrum of the as-grown sample, indicative of . .. .

sharp interfaces. There is no noticeable change
upon a 700'C RTA and only a slight decrease in
the magnitude of the satellites after a 800°C 0.5-

RTA. A 900'C RTA, however, causes a lot of Wove Number Shi ft (cm-1)
interdiffusion, and only two satellites can be ob- Fig. 4. Folded acoustic phonon Raman spectrum of Si16 Ge4
served. All of these indicate that there is only SMS (a) before RTA. (b) after a 700*C RTA and (c) after a

minimal interdiffusion for low temperature RTA. 8o0
'c RTA.

) 
!

!h , .. ... ..... ... ............. ...... ..... .. ......
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Fig. 5. Evolution of the X-ray diffraction spectrum of Si, 6 Gc4 SMS as a function of annealing temperature. Shown are the spectra for
no RTA, 700*C RTA, 800*C RTA and 900*C RTA.
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S:.Ge (2) to enhance the luminescence of the observed

%; s~ transitions and (3) to move them slightly to higher
energy. Higher temperature annealing, on the other
hand, causes (1) considerable interdiffusion and a
loss of interface sharpness, (2) a decrease in the

-a luminescence of the transitions and (3) a consider-

able shift of these transitions to higher energy.
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affect the interface sharpness of the superlattice. t 198o) 562-11.
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Structure dependence of photoluminescence in Gen/Si..
strained-layer superlattices

Kazushi Miki. Hajime Okumura, Kunihiro Sakamoto, Hirofumi Matsuhata, Tsunenori Sakamoto
and Sadafumi Yoshida
Eh'ttrotechnical Laboratorv. 1-1-4 .'me-ono, Tsukuba. Ibaraki 305. Japan

Ge,,/Si, strained-layer superlattices (SLSs) grown on Si(00l) substrate by molecular beam epitaxy using phase-locked epitax,
method were investigated by X-ray diffraction, transmission electron micrograph (TEM). and photoluminescence. In the TEM image.

neither threading dislocations nor Ge clusters were observed over the whole superlattice area. In the sibstrate, however, misfit
dislocations due to lattice mismatch between superlattice and substrate were observed. The photoluminescence spectra of Ge,,/'Si ,,

(a = 4.5.6) SLSs exhibited an intense emission peak, while Ge,,/Si4 ,, (n = 2, 4.6) SLSs showed no intense emission. This result
indicates that the optical properties of the Ge,,/Si,,, SLS strongly depend not only on the superlattice periodicit, but also on the
thickness ratio of Ge to Si.

1. Introduction Si(001) exhibits intense emission around 0.8 eV
and its absorption coefficient follows the curve

Silicon is not suitable for optical devices since typical of a direct optical transition (121.
its optical transition probability is small due to the In the present study. two series of SLSs. Ge,,/
indirect band gap. However. recent development Si 3,, and Ge,,/Si4,,. were grown on Si(001) sub-
in molecular beam epitaxy (MBE) techniques strate by MBE to examine the superlattice struc-
makes it possible to fabricate an artificial crystal ture dependence of the photoluminescence spec-
structure, giving us a chance to overcome this tra. These superlattice structures were investigated
problem. Gnutzmann and Clausecker proposed to by X-ray diffraction and transmission electron
introduce a periodic one-dimensional potential micrograph (TEM). The Ge,,/Si,,, SLSs exhibit an
into materials with indirect optical band gaps (e.g., intense emission, while Ge,,/Si4 ,, SLSs show no
Si or Ge) and theoretically predicted that the intense emission. The results indicate that the
folding of conduction band minima into the F luminescent property of the Ge,,/Si,,, SLS strongly
point enhances the optical transition probability depends not only on the superlattice periodicity.
[1]. Pearsall et al. observed new intense transition but also on the thickness ratio of Ge to Si.
peaks at 0.76 and 1.25 eV in an electroreflectance
measurement on a strained-layer superlattice (SLS)
of (Ge,/Si4 ), grown on Si(001) [2]. This experi- 2. Experimental
ment stimulated several theoretical works to ex-
plain the result, but their conclusions were con- The substrates used were well oriented Si(001)
troversial 13-10. Recently some promising experi- ( < 0.1 ) and prepared to form a 2 X I single-do-
mental results have been reported. Zachai et al. main structure [13]. Ge,,/Si,,, SLSs were grown by
have observed an intense emission peak at around MBE method at a growth temperature of 400'0C.
0.84 eV in the photoluminescence spectrum of During the growth of Ge and Si layers. reflection
Ge 4/Si, SLS on GeSi alloy (001) substrate [111. high-energy electron diffraction (RHEED) inten-
which suggests a direct transition. Strong evidence sity oscillations were observed to control layer
has been reported by us that Ge4/Sil, SLS on thickness precisely [15]. ,'he growth periods of Si

(W)22-0248/91/$03.50 1991 - Elsevier Science Publishe. B.V. (North-Holland)
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(- 0.2 ML/s) and Ge (- 0.05 ML/s) were con- Ge4/Si12 SLS
stant during the growth. The total number of -.
atomic layers of the SLSs was about 1100 mona- "
tomic layers (ML), which corresponds to a thick-
ness of - 150 nm. To protect the SLS layers from
oxidation, a 100 ML Si capping layer was grown
on them. The photoluminescence measurements
were carried out at 4.2 K in liquid He using a 488
nm line of an Ar+ laser as an excitation light, and.-
the emission signals were detected by a Ge detec-
tor cooled with liquid nitrogen. Details of the 4 6
sample preparation and optical measurement con- Diffraction Angle 20 (degrve)
ditions have been described elsewhere [12-15]. Fig. 2. The X-ray diffraction spectrum of the Ge4/Si,, SLS
Part of the high resolution electron microscopic grown on a Si(001) substrate.

experiment was carried out by 400 kV electron
microscopy at the Kyushu University.

recovered during the Si growth. and it was ob-
served sequentially. This fact suggests that the

3. Results and discussion surface was roughened during the growth of Ge
and was smoothed out by the Si overgrowth. With

Fig. I shows typical RHEED intensity oscilla- the help of this oscillation recovery effect, the PLE
tions observed during the growth of Ge4/Si,_ SLS. method is applied for Ge4/Si 1 , SLS up to a total
In the phase-locked epitaxy (PLE) technique, thickness of about 130 ML (- 17 nm). After the
oscillations in the RHEED intensity are used to RHEED intensity oscillation had damped, a
control the growth period of Si and Ge. The time-control method was adapted. The growth in-
oscillation damped during the Ge growth and terval time was precisely calibrated from the

RHEED intensity oscillation.
The SLSs were examined by using X-ray dif-

(000) aZimuth, 4 mrid fraction with CuKa radiation Fig. 2 shows a
diffraction pattern of the Ge4/Si,2 SLS. The dif-

Le -S. Ge 2S Ge -i S, fraction peaks were observed at 20 = 4.02' and
n= ' n 2 i n3 8.080. These peaks are attributed to (001) and

I j (002) diffraction peaks of its superlattice structure
, 3 respectively, which indicates that the Ge4/Si,, SLS

'" 4 'structure was fabricated as designed. The super-
lattice structures of the other SLS samples were
also confirmed in the same way.

.e Si be Si Ge Si Fig. 3 shows the cross sectional view of the
. 5Ge 4/Si 1,2 SLS grown on Si(001). Neither threadingj rf i / n 6dislocations nor Ge clusters were observed over

the whole super'attice area. although the total
1thickness of the SLS (- 150 nm) is larger than the

critical thickness (-100 nm) of the alloy
'Ge6,5 Sio 7v, which nominally has the same com-

Time 1 min position as Ge4/Si 1 2 SLS. Black and white vertical

Fig. 1. Typical RHEED intensity oscillations observed during fringes (- 10 nm) were observed in the super-
the growth of a Ge4 /Si 12 SLS. The glancing angle of the lattice region. which is attributed to the strain

electron beam was 4 mrad in the azimuth of (100>. introduced by lattice mismatch between super-
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Ge4412 SLS

Si substrate

Fig. 3. A transmission electron microscopy (TEM) image of the Ge4 Si1 , SLS grown on a Si(00I) substrate.

lattice and substrate. Also, misfit dislocations were
observed in the Si substrate.

Fig. 4 shows the photoluminescence spectra EI
measured for Ge4/Si 2., Gee/Sil, and Ge,/Si 5
SLSs at 4.2 K. The spectrum of Ge6/Sil, SLS
showed two types of peaks: one type. labeled as
D, and D,. are particularly sharp peaks with a
peak width of - 2 meV. and the other type, I
labeled as El. is an intense peak with a peak width F
of 20-30 meV. These peaks are observed in the X
spectrum of Ge,/Si,, SLSs. As the parameter n
increased, the energy of peak El shifted lower. Ge 4/Si12 SIS
Meanwhile, the peak positions of D, and D, were
unchanged. Further, the larger the parameter n, C:
the more remarkable the peaks were. These results
indicate that peak El and peaks D1, D, are due to
different origins. Ge 5/Si 5 SIS

The energy of emission peaks at 807 meV (D,) t
and 873 meV (D2) observed in our experiment
coincide with the peaks due to relaxed dislocation D
in Si 1161. and peaks like D t and D2 are observa-
ble in the spectrum of a Ge,/Si,8 SLS whose Ge GeJSii ISLS
layers thickness is almost equal to the critical
thickness [17.181. Therefore, peaks D, and D2 are_ .
due to dislocations caused by lattice mismatch 700 800 900 (e )

between the Si substrate and the SLS. In fact, in Eergy (meV)
Fig. 4. Typical photoluminescence spectra measured for the

the TEM image of Ge4 /Si1 2 SLS. we observed G 4 /Si,, and the Ge,/Sils SLS at 4.2 K. Peak El is attributed

misfit dislocations in the Si(001) substrate. From to a direct optical transition and peaks D, and D, are atti-

these results, it is concluded that the origin of huted to misfit dislocation in the St(001) substrate.
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peaks D1 and D 2 is a misfit dislocation in the pies is larger and the extent of zone-folding is
Si(001) substrate. higher. In the case of such large periodicity, the

On the other hand, the intense emission of peak effect of such a long-range potential must be
El is considered to be different from defect re- considered. In addition, theoretical studies have
lated emission. The absorption coefficient of not considered the following points. First, the
Ge4/Si 12 SLSs followed a (hp - Ex)1/ 2 /hi law, thickness ratio of Ge to Si strongly influences the
where hp is the energy of incident light and E. is length and angle of Ge-Ge bonds in the SLS
the band gap energy. The band gap energy esti- layer. Second, there should be a distribution of
mated from the absorption coefficient curve was bond lengths and angles perpendicular to the layer
found to be just below the energy position of peak in the Ge layer. The bond length and angle de-
El 112]. These results provide evidence that the pend also on the crystal growth condition. There-
emission peak El is due to a direct optical transi- fore, the flatness of the interface between Ge and
tion. Si layers of actual Ge./Si, SLS and interdiffusion

In comparison to the Ge,/Si3,, SLSs, the around the interface during growth should be con-
Ge./Si4, SLSs exhibited only a weak broad emis- sidered.
sion band in the spectral region between 700 and In conclusion, in the TEM image of Ge4/Si,,.
900 meV. This fact shows that the optical proper- neither threading dislocations nor Ge clusters were
ties of the Ge./Si,,, strongly depend not only on observed over the whole superlattice area. How-
the superlattice periodicity but also on the thick- ever, in the Si(001) substrate, misfit dislocations
ness ratio of Ge to Si. In general, the number of were observed. The photoluminescence spectra of
Ge atomic layers in superlattice unit cell strongly Ge,/Si,, (n = 4, 5, 6) SLSs exhibited an intense
influences the band structure. In addition, we emission peak while Ge./Si 4, (n = 2, 4, 6) SLSs
would like to point out a possibility that the band showed no intense emission. Our results suggest a
structure of Ge./Si,, SLS strongly depends on possibility that the Ge,/Si 3,, SLSs have a direct
strain in the superlattice. which is affected by the band gap and that the optical properties of the
thickness ratio of Ge to Si. Pseudomorphic growth Ge,/Si,,, strongly depends on the thickness ratio
of Ge,/Si,, superlattice on Si(001) makes the strain of Ge to Si. The structural conditions for fabricat-
in the Ge layers compressive in plane, and conse- ing such properties should be investigated in fur-
quently makes the Ge-Ge bond length shorter. ther studies to clarify the possibility of direct band
And, as the thickness of Ge layers in the super- gap transition caused by zone-folding.
lattice increases, the Ge-Ge bonds should tend to
expand to the bulk bond length. Actually, the
misfit dislocation in Si(001) substrate observed in Acknowledgments
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Elemental boron and antimony doping of MBE Si and SiGe structures
grown at temperatures below 600 'C
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and

D.K. Bowen
Engineering Department. Unwiersity of Warwck. Cotenns CV4 'AL. UK

This paper considers the low temperature doping of (100) Si and SiGe structures with elemental B and Sb sources particularly

with regard to obtaining very narrow delta doping spikes. B is found to be an excellent dopant at SiGe growth temperatures
incorporating in an active state at concentrations up to 10%. B delta layers of I nm or less have also been grown. Sb is also shown to

be capable of providing delta doped layers less than 2 nm wide. The B delta layers have been incorporated into modulation doped
structures yielding an order of magnitude increase in mobility at 77 K.

1. Introduction We report the use of B and Sb doping in Si and
SiGe structures. B is shown to excel as a dopant at

The growth of high quality pseudomorphic SiGe growth temperatures, exceeding expectations

Si/SiGe structures by MBE requires substrate in terms of achievable doping levels and activation

temperatures (T,) of < 600°C. Growth at such effitency. Preliminary results on B-doping of

low T, presents problems in achieving controllable SiGe, and on the growth of 2DHG structures are

co-evaporation doping, particularly as selective given. We also report on growth procedures en-

doping of Si and SiGe layers < 5 nm in width is abling high quality and very narrow B and Sb

often required. For example, the most commonly delta-doping to be obtained.

used n-type dopant in Si MBE. Sb, suffers severe
surface accumulation effects at these temperatures
with poor incorporation efficiencies and loss of 2. Experimental
control over dopant transitions. Despite the
success of techniques such as potential enhanced The Si and Si/SiGe structures were grown in
doping I1] at T, > 750°C, at SiGe growth temper- VG V80 and V90S MBE systems. Sb doping was
atures recourse has to be made to growth interrup- performed from a conventional in house con-
tions and heavy Sb coverages, both of which can structed effusion cell, and B from a high tempera-
disrupt epitaxial growth. Similarly, B is a well ture directly current heated graphite crucible [2].
behaved dopant in Si MBE, but little work has The small thermal mass of the latter source en-
been performed to elucidate its behaviour at low ables rapid thermal changes to the cell tempera-
T, and in SiGe. ture, permitting abrupt dopant transitions.

0022-0248/91/S03.50 n 1991 - Elsevier Science Publishers B.V. (North-Holland)
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The epilayers were characterized structurally by Electrical measurements indicate complete elec-
SIMS. cross-sectional TEM and X-ray diffraction, trical activation at all temperatures for doping
and electrically using electrochemical CV (ECV), levels below - 3 x 1019 cm -3.The profile distor-
Hall. spreading resistance and 4 point probe meas- tions noted above at higher doping levels and
urements, as appropriate. temperatures exceeding 700 OC are reflected in an

elecLrical activation ceiling in the low 1019 cm- 3

range. Nevertheless, at T, < 600 °C, there is no
3. Boron doping surface accumulation smearing and the B is fully

activated. This suggests that B-doping lends itself
3.1. Bulk boron doping well to the conditions needed for SiGe growth;

our preliminary work into B-doping of strained
To ascertain the incorporation kinetics in (100) SiosGe. 2 (T, = 550°C) at doping levels up to

Si. 50 nm B "spikes" were introduced at 200 nm 2 x 1019 cm 3 confirms complete activation and
intervals with T varying from 900 to 450'C. B material with Si bulk-like mobilities.
incorporation was found to be well behaved for It appears, therefore, that B-doping holds excel-
doping levels up to - 3 x 10'9 cm 3 over the lent prospects in applications where low growth
entire temperature range exhibiting sharp doping temperatures are essential, and two examples are
transitions and complete electrical activation. At described in the following sub-sections.
higher doping levels, the SIMS profile in fig. I
shows significant deviation from the ideal struc- 3.2. Two-dimensional hole gas (2DHG)
ture for T > 700 0 C. caused by B segregating and
precipitating on the surface [3] and providing a Separation of carriers from the dopant site by
secondary source for B-incorporation in the "un- confinement in a quantum well holds prospects
doped" spacer regions. The similarity with the for high mobility devices. Structures have been
work of Jackman et al. [41 indicates that oxygen grown containing four I nm thick 4 X 1019 cm --

incorporation due to their use of B,0O compound B-doped Si regions separated by 8 nm from 8 nm
source was not responsible for the segregation. At thick Si1 5Ge0 5 wells. Hall measurements at 100 K
T below 7000C, the segregation process becomes yield a sheet carrier density of 2.5 X 1012 cm - 2 in
kinetically limited, resulting in the incorporation each of the wells. The hole mobility of 250 cm2

of B onto substitutional sites. V- s - at 77 K is an order of magnitude higher
than for bulk Si. and the low temperature depen-
dence confirms two-dimensional hole confine-

450 600 650 700 750 Boo 900 ment.

2 10 .3.3. Boron delta doping
'0

10 Planar doping has applications in short channel
FET structures 15]. Delta layer structures have

1 Is been grown at 450 °C by deposition of B onto a Si
C buffer layer followed by a Si capping layer. Hall

e 1,7 measurements on a typical structure yielded agq 10 sheet carrier density of 3.5 ± 0.6 x 1014 cm
- 2

16! Comparison with the chemical B content of 3.8 ±
to 2 0.4 x 1014 cm 2 measured using SIMS indicates

Depth (microns) complete activation, even at this extremely high

Fig. 1. The SIMS dopant concentration versus depth profile for doping level.
a structure with B doped layers grown at successively lower The distribution of the quasi-planar dopant

substrate temperatures ( C). was investigated using double crystal X-ray dif-
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Fig. 2. Experimental X-ray diffraction rocking curve of a 3 x 1014 cm -2 B delta layer along with a simulation (smooth line) assuming
a 0.7 nm wide square profile for the B dopant (the main substrate peak has a maximum value of 110,000 counts per second).

fraction with a four bounce beam conditioner [6]. be found. For the experimental curve this ratio is
The [113] asymmetric reflection rocking curve 0.80 ± 0.05 giving the delta layer width as < I nm
taken at glancing incidence is shown in fig. 2. The and implying an average B concentration in the
numbered fringes are due to the diffracted beams delta layer of 10%. By considering the positions of
from the cap and delta layers interfering with the fringes with respect to the main Si substrate
those from the underlying Si. The sharpness of the peak the total contraction in the [001] direction
interference fringes obtained indicates that the has been accurately determined to be 31 ± 2 pm.
capping layer is of good crystalline quality (as the This gives a volume contraction per atom at 10
diffraction peaks are broadened by the presence of at% B in Si of (1.7 ± 0.2) X 10 -23 cm- which is
dislocations) implying that the underlying delta
grew pseudomorphically with tetragonal contrac-
tion along the [100] direction. Also shown is a PEAK HEIGHT
dynamical theory simulation [7,8] to which no RATIO

detector noise offset has been added.
From such modelling using various B-distribu- 0.8

tion profiles for the delta layer, the factors in-
fluencing the rocking curve can be investigated. 4-,
The spacing of the interference fringes numbered 07

in fig. 2 allows determination of the depth of the
delta layer which is found to be 52 +1 nm (in
agreement with the growth schedule and the SIMS 0.6 2 3

profile). The relative heights of the interference LAYER WIDH (N)

peaks, and in particular the ratio of the heights of Fig. 3. The ratio of heights of peaks 3 and 5 obtained from

peaks 3 and 5 which are particularly sensitive as simulating the rocking curve for various widths of square

shown in fig. 3, enable the delta layer thickness to profile whilst keeping the total dopant concentration constant.

i'S
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consistent with the values obtained at lower dop- [12] measurements similar to those described for
ing densities by ourselves and others [9]. the B delta have shown the structures to have

good crystalline quality, demonstrating that pseu-
domorphic growth took place with tetragonal ex-

4. Antimony doping pansion along the [100] direction and that the
widths of the Sb delta layers grown with T <

In order to prepare Sb delta layers, Si was 250'C are < 1.5 nm. TEM has confirmed these
grown at 650 °C and then with the matrix flux results and revealed a low density of precipitates
shuttered off 2 x 1014 cm - 2 of Sb deposited on (< 107 cm- 2 ).
this, T was then reduced to < 250° C where
surface segregation effects disappear [10,111 and a
Si cap is grown. The sample was then annealed at 5. Conclusion
800 °C to ensure activation of the Sb. SIMS anal-
ysis (fig. 4) shows two Sb delta layers where the At low temperatures B is an excellent dopant
capping layer was deposited at (a) T < 250 'C but allowing very sharp profile control and high dop-
in (b) T, was not allowed to fall below 250°C. ing densities. Sb doping, despite some problems
Surface segregation can be seen to have produced with surface segregation, nevertheless enables the
appreciable broadening of the Sb delta layer, with growth of n-type delta lavers of good structural
the segregated layer acting as a secondary source quality.
of doping and producing an Sb shoulder on the
growth side of the delta layer. X-ray diffraction
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High hole mobility in strained Ge channel of modulation-doped
p-SiO.5GeO 5/Ge/Si_ Gex heterostructure

Masanobu Miyao, Eiichi Murakami, Hiroyuki Etoh, Kiyokazu Nakagawa and Akio Nishida
Central Research Laboratory Hitachi, Ltd., P.O. Box 2, Kokubunji, Tokyo 185, Japan

Characterization and application of a new heterostructure (p-Sio 5Ge .5/Ge/Si1 -. Ge,) fabricated by MBE are comprehensively
studied. The strain field in the Ge channel is precisely controlled by changing the X values in the Si 1 _ Ge, buffer layer. This enables
sufficient confinement of a 2D hole gas at the p-Si0 5Ge1 5/Ge interface. In addition, alloy scattering in the channel region is avoided
by the utilization of a pure Ge layer. As a result, a p-channel MODFET with ultra high field effect mobility (10000 cm

2
/V-s. 77 K) is

achieved.

I. Introduction 2. Experimental

The sample structure is schematically shown in
Si-Ge hetero-epitaxy is the key technology for fig. 1. Prior to the MBE growth, the Sb-doped Ge

introducing the new concept of band engineering substrate ((100) orientation) was cleaned by chem-
into Si-LSI work [1]. Modulation-doped hetero- ical etching and thermal heating (650°C, 20 min)
structures, i.e. n-Si, - Gev/Si and/or p-Si/ in a UHV chamber. Then, thick Si, _ G e . buffer
Si, -Ge,, have been formed by molecular beam ia (H 0 cabr n, thic I - Ge bufferepitaxy (MBE). This enabled the formation of layers (200-1000 nm, 0.20 1 1- X< 0.40) were

grown incommensurately at high temperature
two-dimensional (2D) gas systems with electrons (520 C). Next, a thin Ge channel layer (20 nm)
and/or holes [2]. Recently, People [31 and Wagner and a Si0.5 Ge0 .5 spacer layer (15 nm) were grown
and Janoko [4] suggested that very high hole mo-bility without alloy scattering can be obtained commensurately at low temperature (400 0 C). A
bility wthoput alloy catnnel ofan p-e oted p-type doping was performed by adsorption of Ga
using the pure Ge channel of a p-Si, - Ge,/Ge atoms at a substrate temperature below 1000 C.
structure. However. band discontinuity (4E) at
the hetero-interface was not large enough to con-
fine a high concentration of holes. Thus, high Ga doping spike

mobility was not achieved. I
To solve this problem, we have proposed [5,6] a ..........t Sio.sGeo. ............

new heterostructure consisting of p-Si,. 5Ge. 5/ 2-DHG . o oo Ge channel 0 .0
Ge/Si, -,Ge, where the strain field in the p-Si0.5  Sii-xGex buffer layer
Ge5  and Ge channel layers are controlled by the misfit
Si mole fraction (1 - X) of the Si,_ Ge, buffer dislocations
layer. This can enlarge the AE value and enable Ge(100) substrate
sufficient confinement of the 2D hole gas. This
paper describes the formation and characteriza- Fig. 1. Cross-sectional view of a new heterostructure consisting

tion of this new heterostructure. of p-Sio.Ge%5/Ge/Si - ,Ge,.

0022-0248/91.$03.50 C 1991 - Elsevier Science Publishers B.V. (North-Holland)
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Finally, an amorphous Sio.5Geo.5 film (15 nm Using People's equation [3], the relation be-
thick) was deposited and crystallized by annealing tween A E values and X values was found to be
(450'C, 1 h) in the UHV. AE = 0.5(0.84 - 0.53X). The results shown in fig.

Strains in the p-Si 0.5Ge0.5/Ge/Si _,Ge, layers 2 indicate the A E reaches 0.22 eV at the strained
were characterized by Raman spectroscopy. In (1.0%) hetero-interface of p-Si 0.5Geo.5/Ge,. which
addition, the electrical properties of the 2D hole was commensurately grown on a Si IGe, (1 - X
gas were evaluated by Hall effect measurements = 0.25) buffer layer. This value is considered to be
and by modulation-doped field effect transistor large enough to confine the 2D hole gas to the
(MOD-FET) characteristics at 77 K. interface.

3. Strain control of the Ge channel layer by a 4. Electrical properties and crystallinity of the

Si, -,Ge, buffer layer strained Ge channel layer

In the Raman spectrum, four peaks from dif- The electrical properties of the heterostructures
were evaluated by Hall measurements at 77 K. as

ferent lattice vibrations (i.e., Si-Si, Si-Ge, and wn in fg a a Tresuts ated
Ge-Ge modes in the Si0.5Ge0.5 layers, and Ge-Ge shwinfg.3ad3bTersutidctdGe-G moes i th Si0 G%5 layes, nd G-Ge that the hole concentration and hole mobility (j±)

mode in the Ge channel layer) were observed. The

frequency difference (Aw) between the strained increased with the strain in the low strain region

Ge-Ge peaks from the Ge channel layers and the (0.5%-1.0%). However, in the high strain region
(1.0%-1.5%), they decreased with the strain. Maxi-strain-free Ge-Ge peak from the bulk Ge are

summarized in fig. 2, as a function of the Si mole mum hole mobilities were obtained at e = 1.0%.
These values increased with buffer layer thickness

fraction (I - X) in the buffer layers. Using the (d), i.e., t = 2400, 4500, and 7600 cm2/V. s for
relationship of Aw = -4.132c [8], the compressive d = 200, 500 and 1000 nm, respectively.
strain (t) was determined to be e(%) = -4.0(1 - The relations between hole mobilities and hole
X). This agreed well with a theoretical relation, concentrations were determined from data shown
which was obtained assuming Vegard's law for the in figs. 3a and 3b. These relations indicated that
lattice constant of Si -_,Ge. In this way, accurate mobilities increased proportionally with the hole
control of the strain in the Ge channel layers concentration, which is a typical feature of 2D
becomes possible by changing the X value in the hole gas [9]. In addition, angular (0) dependence
buffer layer. on magneto-resistance measured at 77 K showed

the sin2 0 dependence. This means that the mag-

neto-resistance is only influenced for a field com-

tk of8buffer 1" -2.0 ponent normal to the hetero-interface. Thus, the
E ioonm 0.28 5 existence of the 2D hole gas was confirmed.

W. -To understand the phenomena in the high strain
6' r -. 0,26

region, the crystal quality was examined as a func-
5 ~0.24 L

-1 ~ 0.22 tion of X and d in the buffer layer. Observations
o 0.22 using a transmission electron microscope showed

2 o. o that roughness at the p-Si.,Ge 5./Ge interface as
. 0,,s well as threading defects significantly increased

0.0 _ __ 0.16 when the (1 - X) value exceeded 0.25, i.e., e >
01 0.2 0.3 0.4 0.5 0.0 1.0%. These defects were found to decrease with

1 Mo LE FRAC'r 4N. an increase in the buffer layer thickness. These

Fig. 2. Wave number differences of Raman shift, strain, ad results provide ample explanations of why the
valence band discontinuity as a function of the Si mole frac- maximum mobilities are obtained at c = 1.0% and

tion (1 - X) of buffer layers. why they increase with buffer layer thickness.

r 4
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STRAIN; e% STRAIA ; E(%)
- 0.0 -0.5 -1.0 -1.5 -2.0 0.0 -0.5 -1.0 -1.5 -2.0

8E thickness of buffer layer thcns ofbfeIae

AIOn A iooo0r
o 500nm 0 5O0nm

- *200nm 8000- 0 200nmI>
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0
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Sil MOLE FRACTION; 14 Si MOLE FRACTION; 14X

Fig. 3. a Two-dimensional hole concentration at the p-Si0.5 Ge1 1,/Ge interface summarized as a function of (I - X) and/or strain.
(b) Two-dimensional hole mobilities at the p-Si 0 513ej) /Ge interface summarized as a function of (I - X) and/or strain.

5. Fabrication of a strain controlled modulation- was 50 pm, and spacing between the gate and
doped FET source was 1.5 lsm.

Typical current-gain characteristics and trans-
A p-channel MODFET was fabricated under fer characteristics of the FET (LLg/ WZ = 50 pm/SO

the condition of i= 1.0% (1 - X = 0.25). The gate ptm) measured at 77 K are shown in figs. 4a and
oxide was made of CVD Si0 2 (50 nm), and the 4b, respectively. Gate capacitance and source re-
source and drain electrodes were made by AuGa sistance of the FET were 6 x 10' F/cm2' and 350
alloying (330 0 C). Gate lengths (L.) of the MOD- £2. The calculated values of maximum intrinsic
FETs were 4. 8. and 50 p~m. the gate width (Wg) transconductance were almost proportional to

-77 K VG (V)

,0 -20 2 EC

16u 0- -------------- - ------ 06

cc . 0 0 6 --- 1.6- - - - 0.

0.1 --- 0.3 ----- - - - - 0.2 L
Z -- - ---8

W 0.0 -- --

0 -1 -2 -3 - 50 -1 -2 .3 -4 -

DRAIN VOLTAGE ; you (VI) GATE VOLTAGE; Vo (V)

Fig. 4. (a) Current-voltage characteristics of the MODIFET (Lg/ Wg - 50 ptm/5O p~m) at 77 K. (b) Transfer characteristics of the
MODIFET (Lg/ Wg = 50;&m/5O p~m) at 77 K.
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1/Lg and reached 130 mS/mm at Lg = 4 ptm, fessor C. Tatsuyama of the Toyama University.
which is a very large value when the small gate and Professor Y. Shiraki of the Tokyo University
capacitance of the present FET is considered. As a for stimulating discussions and encouragement
result, an extremely high field effect mobility through the course of this study.
(10000 cm 2/V s, 77 K) was obtained in the
strain-controlled MODFET (Lg =4-50 rtm),
These values were ten times higher than those of a
previously reported SiGe heterostructure (600
cm2/V - s, 77 K) [71. References
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Transport properties of p-Si/SiGe single-modulation-doped
heterostructures grown by MBE

D.J. Gravesteijn, T. Mishima *, C.W. Fredriksz, G.F.A. van de Walle and R.A. van den Heuvel
Philips Research Laboratories, P.O Box 80.000, 5600 JA E.ndhoven, Netherlands

Electrical properties have been examined for single Si/Si I - Ge, p-channel modulation-doped heterostructures grown by MBE.
Heterostructures with the doped layer on top have a higher hole mobility than structures with the doped layer on the substrate side.

This difference is caused by B segregation during growth. The effects of B concentration and Ge content on the electrical properties

are studied. Hole mobilities as high as 6000 cm
2
/V .s at 2 K have been rbtained, which are the highest values reported so far.

1. Introduction 2. Experimental

p-Si/SiGe modulation-doped heterostructures The heterostructures were grown in a Vacuum
have been studied extensively recently [1-31. The Generators Silicon MBE system. The oxide was
bandgap offset in these structures is mainly pre- removed by a 5 min flash-off at 880 * C. The layers
sent in the valence band, in contrast to the III-V were deposited at a substrate temperature of
systems. In the potential well at the SiGe/Se 550*C, except for the i-Si buffer layer which was
interface a two-dimensional hole gas (2DHG) is grown at 690'C. The layers were deposited by
formed. For practical applications, a high trans- means of electron beam evaporation from i-Ge,
conductance is essential, i.e. both a high sheet-car- i-Si and heavily B-doped Si slugs.
rier density and a high mobility are required. A The Ge content and the crystalline quality were
high sheet-carrier concentration can be obtained assessed by means of Rutherford backscattering
by forming 2DHGs at both the surface side (a spectroscopy (RBS), Secondary ion mass spec-
".normal" 2DHG) and the substrate side (an "in- trometry (SIMS) was used to determine B and Ge
verted'" 2DHG) of the SiGe layer. However, the profiles. Electrical characterization was performed
quality of both interfaces is not necessarily the using conventional Hall-Van der Pauw measure-
same. because of MBE-growth-related effects such ments between 4 and 300 K.
as dopant or Ge segregation (4,51, leading to dif-
ferences in mobilities between a normal and an
inverted 2DHG. 3. Results and discussion

The purpose of this paper is to study normal
and inverted p-Si/SiGe single-modulation-doped Typical normal and inverted modulation-doped
heterostructures. It will be shown that very high heterostructures that were studied are shown in
conductances can be achieved by adjusting dopant fig. 1. The spacer layer thickness between the p-Si
concentration, Ge content and spacer layer thick- and the SiI _5Ge, layer, WP, was chosen to be 3 or
ness. 10 nm. Fig. 2 shows the temperature-dependence

of the mobility, At. and sheet-hole concentration,

p, for a normal and an inverted modulation-doped

Exchange researcher from Hitachi Central Research Labora- heterostructure with x = 0.2, a B concentration of

tories. Tokyo. Japan. 2 x 1 0 1 cm - 3 and a spacer thickness of 3 nm. The

0022-0248/91/S03.50 C 1991 - Elsevier Science Publishers B.V. (North-Holland)
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Normal Inverted Table '

p - Si: B 40 nm Electrical characteristics of the p-Si/SiGe modulation-doped

i - Si 43 nm heterostructures
i - Si WSP

777777777, i Normal/ Wp [B] p at 6 K p, at6K
, . /. inverted (nm) (a 3 ) (cm2/V s) (cM - 2)i - S i o . a G e o .2 5 0 r .-n 2 D H G i -S i o . s G e o 2 5 0 n m0 . N3 2 0 I O s 2 0 0.9 X l l

0.2 1 3 2.0x10'8 2300 0.99X10"2

i- Si Wsp 0.2 1 10 2.0x10'8 3800 0.49x10"2

0.2 N 10 5.5x10'8 3900 0.65x10' 2

i-Si 240 nm 0.2 I 10 5.5 X 10"s  820 1.10 X 1012
0.4 N 3 5.5x10's 1500 2.80x 1012

i - Si 200 nm

Sn -Sisub. fn-Si sub. to much higher values for the normal 2DHG than
for the inverted 2DHG (2300 cm 2/V- s versus 800

Fig. 1. Normal and inverted p-Si/SiGe modulation-doped cm2/V-s, see also table 1). This difference in
heterostructures considered in this study. mobility may be attributed to segregation of a

small fraction of the B into the SiGe channel, as
will be shown below. As a result, increased ionized

behaviour of pe is almost identical. A strong temr - impurity scattering will occur, leading to a low
perature-dependence is found for temperatures mobility. In the normal structure, with the high
above 70 K, which is caused by the temperature- hole mobility, the B-doped layer is grown after the
dependence of the conduction in the p-Si; below SiGe layer, hence no B segregation into the con-
this temperature the conduction in the p-Si freezes duction channel is possible. This explains the
out and the 2DHG becomes observable. The tem- higher mobility in this case.
perature-dependence of tx is quite different, how- Attempts were made to demonstrate B segrega-
ever. At low temperatures the ,-obility increases tion in the inverted structure by means of SIMS

analysis. However, no indication of B segregation
104 ,o14 was found, probably because, of limited depth

resolution. In order to prove that surface segrega-
R- tion influences the electrical properties, an in-

verted modulation-doped heterostructure was pre-
E, pared, where the p-Si layer was grown at 690 'C> E

1 - --- ( - iA13 
- instead of the normal 550 ° C. The B segregation is. 100

cc C stronger at this higher growth temperature [5].
N-2 0HG - ) After growth of this layer, the temperature was

> I - 2 O H G . . . . . . . .r o
2 DHG §  lowered to 550' C and growth was resumed. Now

° 10A2 SIMS showed a distinct B spike at the SiGe/Si
interface (fig. 3), which is due to segregation dur-

E SS 8 oing the growth of the p-Si layer at 6900 C. Some
Z -Si/Sio Geo.2t segregation will still occur during subsequentWsp- 3 nm Ne= 2 x 1018cm 3  growth at 550'C. Due to the presence of more

101 , , , I I I . I 101 ionized impurities and also more B segregated into
100 101 102  the conduction channel, the mobility is expected

Temperature (K) to decrease significantly. Experimentally a low-

Fig. 2. Temperature-dependent electrical properties for a nor- temperature mobility of only 330 cm2/V • s is
mal and an inverted p-Si/SiosGe0 .2 modulation-doped hetero- found at 6 K and p., has almost doubled to

structure with a spacer layer of 3 nm thickness. 1.8 X 1012 cm- 2 Both observations are in accor-
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dance with the segregation model. Even during 104 .I I I , I 10'4

continuous growth at 550*C some segregation p-Si/Sio6 GeO4  R

will occur, reducing the mobility of the inverted
with respect to the normal structures.

A larger Wp is expected to give rise to an > E
103- 0-.0 -Ccu/ 1013 4

increase in mobility due to reduced remote ionized h10n -'

impurity scattering, and to a smaller p.. The mo- . -

bilities and sheet-hole concentration for structures N W W

with a spacer layer thickness of 10 nm are shown E N-2 DHG • o
in table 1. A hole mobility as high as 3800 cm2/V _102 _SP=3nm Ns 5.5X10 1012

- s is observed at 6 K, and increases to 6000 0
E

cm2/V s at 2 K. The sheet carrier density is T Annealed

4.9 X 10t ' cm
- 2. The high mobilities found in - 700°c. 30min

these structures compare very favourably with ........800 C, 4 min

literature data on UHV-CVD-grown double-mod- lol , I 02 10

ulation-doped heterostructures [3]. It shows that 100 10' 102

very high quality modulation-doped heterostruc- Temperature (K)

tures can be grown with MBE. Fig. 4. Temperature-dependence of hole mobility and sheet-hole

In order to obtain a higher p , the B concentra- concentration for a normal p-Si/Sio,6 Ge(0 4 modulation-doped
heterostructure with a spacer layer thickness Wp = 3 nm and a

tion was increased to 5.5 x 1018 cm- 3 for a normal boron concentration of 5.5X108 cm-'. Also shown are the

and an inverted structure with a 10 nm spacer. results for a 30 min anneal at 700'C. and a 4 min anneal at

The mobility and ps values are shown in table 1. 800 0 C. The results for the 700 0 C anneal and the 600 *C
For the normal structure a sheet carrier concentra- standard anneal are identical, therefore only the 700*C result

tion of 6.5 X 1011 cm- 2 was determined which is is given.

slightly higher than that of the low B doping
heterojunctions. The mobility, however, is still very
high, viz. 3900 cm/V • s. The observed high mo-
bility is in accordance with the expectations for a the SiGe channel is enhanced due to the higher
normal structure: B segregation does not play a dopant concentration. Consequently, ps increases
role. In the inverted structure, the B segregation in to I.I X 102 cm - 2, but on the other hand an

inferior mobility of 820 cm 2/V • s was found.
A higher sheet-hole concentration is also ex-

1- 2 DHG ,G I 1 pected if the valence band offset is increased. This
can be achieved by increasing the Ge content of

108 12 the strained layer. To study the effect of a higher
100 E

E !~ Ge content, a normal structure was grown, with
C I C Ws -=3 nm, a B concentration of 5.5 x l t cm 3

C 101' 7 102 E and a Ge fraction of 0.4. The thickness of the
SSio.6Geo.4 layer was chosen to be 20 nm, in order

0 a0
0 to prevent strain relaxation. The temperature-

10 e , dependent electrical properties are shown in fig. A.
". At 6 K, p., is found to be 2.8 x 1012 cm -2 (cf.

0 40 80 120 160 200 table 1), which is 2.8 times higher than that for the

Depth (nm) samples with a Sio.gGeo.2 strained layer, while u
was still 1500 cm 2/V • s at 6 K. The conductance

Fig. 3. B and Ge SIMS profiles for a heterostructure with a is 6.5 x 10-4 Q-', which is about 30% higher than
p-doped layer, grown at 690*C. G.I. Indicates the position
where the growth was interrupted and the temperature was the highest value (5 x 10 52-') reported so far

lowered to 550 C. for double-modulation-doped structures (3].
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The thermal stability of the modulation-doped pears to be very good: hole mobilities of 6000
structures was also examined by measuring the cm 2/V • s have been obtained at 2 K for a normal
changes in electrical characteristics. Anneals for structure. A thicker spacer layer leads to a higher
either 3 min at 700 °C or for 4 min at 800 °C were mobility and a lower sheet-hole concentration.
used and the results were compared to the 30 min Increasing the B concentration gives rise to mod-
600 *C anneal that was used to activate the con- erate increases in p.. In this case the segregation
tact implants. Assuming B diffusion to be the becomes more severe in inverted structures. By
main cause of thermal degradation, a diffusion increasing the Ge content, the valence band offset
depth of 0.5 nm for the 700 'C anneal and I nm increases, giving rise to very high sheet-hole con-
for the 800 'C anneal is expected, based on bulk centrations. A sheet carrier concentration of 2.5 X
B-diffusion data. Fig. 4 shows the temperature 1012 cm-1 was found at 6 K. Further, a conduc-
dependence of p. and hole mobility of the an- tance as high as 6.5 x 10 - 4 

g2- was measured for
nealed samples of the highly doped, 40% Ge struc- this single 2DHG structure, exceeding by 30% the
ture. The 600 and 700'C data are indistinguisha- values reported for double-modulation-doped
ble, thus only the 700 0 C curve is given. After the structures. The structures appear to be at least
800 'C anneal, the mobility is distinctly reduced. stable with respect to thermal anneals for 30 min
A similar reduction in mobility was found for all 3 at 700 0 C.
nm samples, with both normal and inverted
2DHGs. This effect is in accordance with the B
diffusion mechanism. For the inverted structure Acknowledgments
with WP = 10 nm, one would expect a smaller
decrease in mobility, because diffusion only re- The work described in this paper has been
duces the effective W~p slightly from 10 to - 9 carried out as part of the researcher exchange
nm. However, in this case a mobility reduction of programme of Hitachi. Ltd. and Philips. One of

25% is found like in the structures with Wp = 3 the authors (T.M.) gratefully acknowledges the
nm. This observation seems to suggest that some hospitality of Philips Research Labs. The authors
strain relaxation occurs, reducing the bandgap off- are indebted to L.J. van lzendoorn for his expert
set. High resolution XRD does not show any RBS analysis, and to P.C. Zalm and C.J. Vriezema
indications of strain relaxation in this sample, for their excellent SIMS analvses.
however. This subject is being studied in more
detail.
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Photoluminescence (PL) in Si 1 - Ge, alloys grown on Si(100) by molecular beam epitaxy (MBE) has been studied over the
composition range 0 !_ x 6 0.5. For x ? 0.15, strong deep-level luminescence has been observed. Sharp lines which are similar to the
dislocation-related D-lines in Si appear in the spectra for x = 0.15 and 0.26. Transmission electron microscopy (TEM) for these
samples reveals that there are a lot of dislocations at the Si I-Ge,/Si interface and in the Si substrate. The dislocations in the Si
substrate are considered to be the origin of the sharp luminescence lines. These PL lines for x = 0.15 cannot be observed in the case
of thin layers. In that case, the density of the dislocations near the interface is much lower. For x = 0.38 and 0.50, broad bands
appear in the spectra. The TEM observations in these cases reveal that there are many dislocations in the Si1 - ,Gc, layers and that
the dislocation density in the Si substrate is very low. The broad bands are considered to originate from the dislocations in the
Si1 ,Ge, layer.

1. Introduction methods for investigating the electronic properties
of semiconductors and for the characterization of

Si1 -,Ge, layers on Si substrates have attracted impurities and defects. Rowell et al. [61 reported
much attention in recent years. In the applications the PL spectra of Si I _Ge/Si grown by molecular
of SiI - ,Ge./Si heterostructures to device fabrica- beam epitaxy (MBE). They observed deep-level
tions, remarkable results such as heterojunction luminescence. However, the origin of the observed
bipolar transistors (HBTs) have been reported PL lines was not analyzed in detail. Recently,
[1.2]. Generation of misfit dislocations at the several authors [5,7-9] reported PL spectra of
Si, - Ge,/Si interface is receiving physical interest strained Si-Ge superlattices. Although new PL
[3]. Moreover, the enhanced mobility and the ap- lines reported by these authors are believed to be
pearance of a direct band gap have been reported the evidence of a newly appearing direct band
for strained Si-Ge superlattices [4,5]. gap, these lines are rather broad and their posi-

Photoluminescence (PL) is one of the powerful tions are different from one report to another.

0022-0248/91/$03.50 In 1991 - Elsevier Science Publishers B.V. (North-Holland)
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In this paper, we report the PL spectra of ically etching from the substrate side. Thinned
Sit _,Ge,/Si (100) grown by MBE over the corn- specimens are examined using Akashi EM002B at
position range 0 < x < 0.5. In order to investigate 200 kV.
the relationship between the deep-level lumines-
cence and dislocations, the sample is observed by
transmission electron microscopy (TEM). 3. Results and discussion

The PL spectra of Si1 _ Ge,/Si(100) over the
2. Experimental composition range 0 < x < 0.5 are shown in figs. 1

and 2 under the excitations with a Kr and an Ar
Undoped Siz -Ge. layers are grown on Si sub- laser, respectively. The thickness of the Sit -_Ge,

strates by MBE at a substrate temperature of layer is 3000-5000 A. Sharp lines near 1100 nm
6500C. The substrates are 100 mm diameter (100) can be observed for all the cases. These lines are
Czochralski-grown (CZ-grown) Si wafers with a associated with the near-band-gap emissi(-- " the
resistivity of 10-50 12 cm doped with P. The alloy Si substrate. In the spectra for x = 0 ', es
composition is determined by Rutherford back- appear near 1100 nm in addition t, .ussion
scattering (RBS) using 2.275 MeV He ions and a from the Si substrate. From the energy positions
backscattering angle of 1600. of these new lines, these lines are considered to be

The thickness of the SiI - Ge. layers studied in the near-band-gap emission of the Si1 -_Ge, layer
this work is 1000-5000 A. For larger x, the thick- [10]. This idea is supported by the fact that their
ness is considered to be thicker than the critical relative intensities are stronger under the 488 nm
thickness where misfit dislocations are introduced.

PL spectra arc measured at 4.2 K in the wave-
length region of 1000-1800 nm. The samples are
immersed in liquid helium in a glass cryostat. Si1_Gex 4.2 K
They are excitedi by the 647 nm line of a Kr ion 0Kr 647 m

laser or the 486 nm line of an Ar ion laser. This
enables us to investigate the dependence of the PL x=0.04

spectra on the ienetration depth of the excitation ,2 .
light, since the ienetration depth of the 488 nm
line of an Ar laser is about I pm while that of the D

2

647 nm line of a Kr laser is 10 Am for Si. The C L - 01
excitation powe, density is about 6 mW/mm2 for
a Kr ion laser and 8 mW/mm 2 for an Ar ion040
laser. The emis on form the sample is analyzed by x=-0.26
a 32 cm grati-ig monochromator with a 600 .5

groove/mm gra:ing blazed at 1 Am and detected C x /
by a cooled Ge letector. The spectral response of
the measurem, nt system is calibrated using - s x=0.38
blackbody radia ion. '0

All the samples are investigated by cross-sec-
tional and plan-view transmission electrn mi- 0.:0
croscopy (TEM) observations. Specimens for .2

cross-sectional TEM observations are prepared Lt 20

with Ar ion milling after bonding the samples 1000 1200 1400 1600 1800
together face-to-face and mechanically polishing Wavelength ( nm )
from both sides. Plan-view TEM specimens are Fig. 1. Photoluminescence spectra of SiI ,Ge,,/Si (100) at 4.2

prepared by mechanically polishing and chem- K under the 647 nrn excitation. Spectral band pass is 10 nin.

= = _.A
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Si-xGeX 1,.2 K excitation than under the 647 nm excitation: these
Ar 488 nm new lines are from the part nearer to the surface.

x --=0 so For x > 0.15, strong deep-level luminescence
can be observed. Four sharp lines labelled D1 - D4
appear in the spectra for x = 0.15. These lines

.2 _ .20 appear at the same wavelength positions as the
02 dislocation-related D-lines in Si. A plan-view TEMx= O0.1 5 D2

C i3 image shows that there are a lot of dislocations in
D x,/ 01 this sample. They are mainly misfit dislocations at

IZ L the Si _,Ge /Si interface. However, the cross-sec-
tional TEM image of x = 0.15 shown in fig. 3

x=0.26 reveals that there are many dislocations in the Si
.5 x1 substrate. These dislocations in the Si substrate

are considered to be the origin of the lines DI-D4.x=In the case of the Ar laser excitation, the lines
x =0.38 D1-D4 are accompanied by the broad back-

a--ground. This indicates that the broad background
comes from near the surface. The broad back-

x=0.5O ground may be related to the dislocations at the
Si -,Ge,/Si interface or in the Si, ,Ge, laver.The PL spectra of Si~,5 Ge. 15/Si (100) for the

1000 1200 1400 1600 1800 different thickness of the epitaxial layer are shown
Wavelength ( nm ) in fig. 4. In addition to the near-band-gap emis-

2z. . hot.)uminescence spectra of Si, - ,Ge,/Si (100) at 4.2 sion of the Si substrate, sharp lines near 1200 nm
K under the 498 nm excitation. Spectral band pass is 10 nm. can be observed in some cases. These lines are

~Sil-xGex

Si

Fig. 3. Cross-sectional TEM image of Si,,,G&e 15/Si (100). Marker represents 0.5 jim.

k..1
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Weak background can be seen in that case. This
Si i0.sGe0.1s 4.2 K background becomes stronger as the epitaxial layer
Ar 488 nm becomes thicker. When the sharp deep-level PL

xs d=1000 lines do not appear in the spectra, dislocations in
the Si substrate cannot be observed in the cross-
sectional TEM image. However, misfit disloca-

1850 tions can be seen in the plan-view TEM image.
A The background observed in the spectra is consid-

_0 ered to originate from the misfit dislocations at
4 the Si ,,Ge./Si interface. The dislocations in the

x5 2150 A Si substrate, which are considered to be the origin
,, -- of the sharp PL lines, may be introduced when the

-> epitaxial layer becomes thicker than a certain
45Athickness. This thickness is different from the crit-

c -- - ical thickness where misfit dislocations are intro-

duced.
" 4800A The D-lines can be observed also in the PL

A0 spectra for x = 0.26 in figs. I and 2. However. the

0.4 features of the spectra are different from the case
___ _ __ of x = 0.15. The lines become broader and the line

1000 1200 1400 1600 1800 D3 disappears. A shoulder can be seen in the

Wavelength ( nm) longer wavelength side of the line D2. In the TEM
observation, dislocations near the Sit -Ge,/Si in-

Fig. 4. Photoluminescence spectra of Si0,8Gej 1 /Si (100) for terface for x = 0.26 are similarly observed as in
the for different thicknesses of the epitaxial layer. the case for x =0.15. but the interface is rough.

considered to be the near-band-gap emission of This may explain the difference of the PL spectra.
the Si - Ge, layer [101. When the layer is thin, the The broad bands which are different from the
sharp deep-level PL lines cannot be observed. D-lines appear in the spectra for x 0.38 and

SiJxGex

SI

Fig. 5. Cross-esectional TEM image of SiO,2OrA),/Si (100). Marker represents 0.3 pm.

'I

1;
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0.50. The cross-sectional TEM image of x = 0.38 tra is explained primarily by the difference in the
is shown in fig. 5. There are a lot of dislocations in generated position of the dislocations near the
the Si- _5Ge. layer. On the other hand, the dislo- Sil _Ge./Si interface.
cation density in the Si substrate is very low in
contrast to the case of x = 0.15. The broad bands
in the PL spectra for x = 0.38 and 0.50 are consid- Acknowledments
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The determination of strain in Si-Ge superlattices by electron
diffraction in a scanning transmission electron microscope

W.T. Pike *, L.M. Brown

Cavendish Laboratory. UniversitY of Cambridge. Madingley Roade Cambridge CB3 OHE UK

R.A.A. Kubiak, S.M. Newstead, A.R. Powell, E.H.C. Parker and T.E. Whall
Department of Physics. Unwersity of Warwick, Coventr CV4 7A L UK

The nanometre scale of the novel strained layer electronic devices now being grown requires characterisation techniques of a
corresponding resolution. This work employs the subnanometre probe of a dedicated scanning transmission electron microscope to
investigate individual layers in a cross-sectioned SiGe superlattice. Using recently developed instrumentation, microdiffraction
patterns have been obtained at very high resolution and the strains in each layer quantified by analysing the position of the deficit
higher order Laue zone lines in the zero order beam. The experimental patterns are fitted to computer simulations incorporating
possible dynamical effects. The results from a 10 am SiGe layer are shown to be in good agreement with bulk X-ray diffraction
analysis, with an accuracy limited only by the fundamental constraints of diffraction from a laterally finite sample. Hence surface
relaxation, a major complication with previous applications of electron microscopy to strain measurement, can be ignored for the
specimen geometry that the small probe allows. It is anticipated that the technique can in future be applied to multilayer structures
which are not amenable to bulk characterisation.

1. Introduction characterisation is conventional transmission elec-
tron microscopy (CTEM) of cross sectioned speci-

High quality crystal growing techniques such as mens. However the thin, electron transparent foils
molecular beam epitaxy (MBE) are capable of needed for CTEM examination allow elastic re-
incorporating metastable strains into multilayer laxation at their surfaces. Hence direct measure-
structures [1]. The quantification of such strains is ment of strain through atomic resolution micro-
essential to an understanding of the novel elec- graphs and selected area diffraction do not give
tronic properties that such structures possess. X- results representative of the the bulk [2,3]. The
ray diffraction, Rutherford backscattering, Raman surface relaxation can be modelled using Fourier
scattering and ion channeling are all used routinely analysis [41 and finite element analysis, and has
to measure the strains in bulk samples. However then been incorporated into the simulation of
these techniques cannot probe the structure of the image contrast from parallel sided foils [5] and
individual layers, a limitation which prevents the cleaved wedge specimens [6]. Such determinations
complete strain analysis of the more complicated of strain are necessarily indirect: the strain in the
structures, such as compositionally graded growth, bulk sample can only be deduced from the surface
now being grown. relaxation effects that it produces in the thin

The major technique for such microstructural specimen.
This present work uses a scanning transmission

Now at Jet Propulsion Laboratory, California Institute of electon microscope (STEM) to measure directly

Technology. 4800 Oak Grove Drive, Pasadena, California the strains from specimens thicker than normally
91109. USA. used in CTEM. A convergent beam of electrons,

S 0022-0248/91/$03.50 t 1991 - Elsevier Science Publishers By. (North-Holland)
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less than 1 nm in diameter, is focussed on to the quality microdiffraction patterns from individual
specimen and the diffraction pattern acquired at strained SiGe layers, the analysis of the deficit
high resolution. This technique differs only in HOLZ lines in the direct beam incorporating dy-
scale from convergent beam electron diffraction namical effects and a comparison with bulk X-ray
(CBED) in CTEM: the high brightness field emis- diffraction measurements.
sion gun (FEG) of STEM allows the formation of
a probe limited mainly by the aberration of the
probe forming lens, whilst in CTEM the probe 2. Sample preparation and experimental technique
size is determined by the the size of the thermal
emission source [7]. A CTEM probe is thus at The samples examined were grown in a Vacuum
least an order of magnitude larger than a STEM Generators V90S MBE machine. The [100] silicon
probe. Plan view specimens which should not show substrates were initially cleaned at 850'C under a
surface relaxation have been analysed using CBED Si flux to remove the native oxide before the
[8] but the determination of strain in such samples growth of a 19 nm Si buffer layer. The structure
is very difficult. CBED has also been used to consisted of a twenty period superlattice each 54
determine strains in cross-sectioned Si-Ge layers nm period of nominal composition 9 nm 85 at%
using the displacement of deficit higher order Laue Si-15 at% Ge and 45 nm Si grown at a substrate
zone (HOLZ) lines in the transmitted direct beam temperature of 560 + 5°C. The specimens were
[9], but surface relaxation affected the results. The prepared in cross-section for the electron micro-
small probe used in microdiffraction enables the scope through cleaving and ion beam thinning,
investigation of thin layers which should not show producing { 110) surface normals.
surface relaxation. The specimens were examined in a VG HB501

This paper will describe the acquisition of high dedicated STEM with a nominal accelerating volt-

[100]

200m
[021] 44 [012]

Fig. 1. ADF image of superlattice structure. The position of the probe when acquiring the patterns shown in the later figures is

denoted by (a) centre of third Si layer and (b) centre of fourth SiGe layer.

I
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age of 100 keV. Imaging of the structures was separated from the vacuum by a thin Kapton
achieved with a scanned probe using the trans- window (121 to obtain good quality patterns,
mitted annular dark field (ADF) signal, which though of too low a camera length to resolve the
gives better contrast and noise statistics for thicker deficit HOLZ lines.
specimens than the conventional bright-field or This present work uses a newly developed tech-
dark-field signals. Fig. 1 shows an ADF image of nique using instrumentation initially designed for
the structure. Microdiffraction patterns were ob- parallel EELS (PEELS): three quadrupoles are
tained by positioning the stationary probe at the placed after the spectrometer to magnify the dis-
desired place on the specimen and recording the persion of the electrons which are imaged using a
transmitted signal. The acquisition of good quality scintillator coupled to a low light level CCD
microdiffraction patterns is problematic. Normal camera. Through suitable adjusment of the
electron microscope photographic plates cannot quadrupoles to produce a point rather than the
be introduced into the vacuum as they would line focus necessary for PEELS, and closing down
destroy the UHV necessary for STEM. Phosphor the slits at the exit to the spectrometer, microdif-
screens which can be viewed from outside the fraction patterns can be imaged at very high reso-
column give low resolution and very poor count- lution (0.05 mrad), excellent detective quantum
ing statistics. By replacing the spectrometer at the efficiency and large dynamic range [13]. In ad-
top of the column with a high efficiency phosphor dition, as the electrons have passed through a
screen fibre optically coupled to a low light level spectrometer, the resulting pattern is energy
camera the performance can be considerably en- filtered and hence the inelastic contribution to the
hanced [10] at the cost of the loss of the electron microdiffraction pattern can be removed. impro-
energy loss spectroscopy (EELS) facility. Previous ving the visibility of the HOLZ lines. A schematic
work on SiGe layers [111 used photographic film diagram of the instrumentation is shown in fig. 2.

slit 3. Results and calculationsenergy-loss

Microdiffraction patterns were taken from the

Si buffer layer and from each layer in the first six
quadrules periods of the superlattice structure in fig. 1. The

for pattern expansion

andPEELS buffer near the superlattice and the first two peri-
ods showed HOLZ line splitting indicating surface

energy-resolved relaxation [14], but patterns from layers later in
conventional microdifracton the growth sequence exhibited no such effects.

Figs. 3 and 4 show two microdiffraction patterns
from the [012] zone axis taken from the positions
marked in fig. 1, namely the third Si and fourth
SiGe layer. The patterns are elliptically distorted

specimen as isotropic dipersion for the three quadrupoles of
the PEELS system is not attainable. Only the
direct beam is shown, crossed by the deficit HOLZ
lines corresponding to high angle reflections in the

objective lens higher order Laue zones. The position of these
lines is highly sensitive to all three lattice parame-
ters and below each experimental pattern is a

F source computer-simulated kinematical fit. The applica-
Fig. 2. Schematic digram of the high resolution microdiffrac- bility of kinematical theory is justified by the very

tion system. long extinction lengths associated with the high

Ai9v
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angle HOLZ reflections. In general there are four
unknowns in such a simulation, the three lattice
parameters (assuming no shear) and the wave-
length of the electrons in the material, A. However
the deficit line pattern can only be used to solve
for two unknowns. The Si layer pattern can be
used to determine A assuming a lattice parameter
of 0.5431 nm for pure silicon. This value of a,
corresponding to an energy E of 96.1 ± 0.1 keV

[0211

S 10121 1 11 0fl II1

Fig. 4. (a) Microdiffraction pattern from the 9 nm SiGe layer
on [0121 with (b) a kinematical simulation with E = 96.0 keV,

al o = 5.485, ao1t0 = a0o = 0.5431 nm.

for the electrons in the specimen, not only indi-
lO2TI cates a discrepancy between the nominal and ac-

tual accelerating voltage, but also takes into
account the mean crystal potential and the shift of
the dominant branch of the dispersion surface

10t21 11001 b from the Ewald sphere due to dynamical interac-
tions with reflections in the zero order Laue zone

Fig. 3. (a) Microdiffraction pattern from the 45 nm Si layer on
10121 with (b) a kinematical simulation with E = 96.1 keV. (ZOLZ) [15]. These last two effects depend on the
alo - ao 0 - aoo, - 0.541 nm. The objective aperture is about chemical composition of the specimen and so A

15 mrad in diameter, will in general be different between the substrate
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and alloy layers. The mean crystal potential, which 0.05% for an interpolated value of s,) for a 85 at%
affects both the diffracted and undiffracted beams Si-15 at% Ge alloy. This value of f corresponds to
equally, has virtually no effect on the position of a Ge proportion of 13.6 + 1.4 at% for a bulk Ge
the HOLZ lines, but dynamical interactions in the lattice parameter of 0.5658 nm. A repeated self-
ZOLZ can produce a considerable shift of the consistent calculation, taking into account the dis-
HOLZ lines from their kinematical positions. The crepancy between the nominal and the deduced
size of the shift, which is greatest on high symme- value of the composition, gives a negligible dif-
trv zone axes and for the lower order HOLZ, can ference in the final result. X-ray diffraction has
be quantified by calculating the ZOLZ dispersion also been performed on the bulk wafer. From the
surface as a function of composition [16], but has strain measurements, f= 0.62 + 0.04. The better
been neglected in previous CBED work [9]. For accuracy of the X-ray result is a result of sampling
the [012] zone axis. the dynamical shift from Si to the complete structure of twenty strained layers.
85 atc Si corresponds to a drop in E of 100 cV ratner than the single layer analysed in microdif-
for the first order Laue zone for the dominant first fraction.
Bloch wave. which although equal to the error in
ascertaining the accelerating voltage, has been
taken into account. 4. Conclusions

The pattern from the alloy laver is simulated
for E = 96.0 keV and assuming perfect epitaxV,
i.e.. ,, =a, = 0.5431 nm. A best fit to the Electron microdiffraction using a dedicated

STEM with high resolution recording has beencentre of the HOLZ lines is obtained for 11D., =C
).5485 t 0.0005 rim. The accuracy of the fit is able to determine the structure of an individual
limited bs the broadening of the HOLZ lines layer in a Si-Ge superlattice. The strain can be

measured to an accuracy determined by the growth
co.rresponding to reflections in the growth direc-
tion. This broadening is a consequence of the thickness of the lavers, in this case just under the

finite lateral extent of the strained layers [14] and accuracy of X-ray diffraction from the entire su-

can be considered as the fundamental constraint perlattice. A low symmetry zone axis has been
of determining a periodicity from a finite sample. used to minimise the dynamical shifts of the HOLZ

of ~ L deemnn- eidct rmafnt ape lines. Aoreement between the twotehiuss
Bk tilting onto a t.o beam condition and measur- techniques is
ing the thickness fringes [17], the thickness of the good. confirming that with suitable geometry,

specimen in the beam direction was calculated to elastic relaxation at the surfaces of the thick speci-

be 320 _ 20 nm. As the layers themselves are onlN men does not have to io :onsidered. Hence this is
I)I nm wide in the growth direction, surface re- the first lattice parameter determination from an10ain shd int greaty affectithe strfan rea- individual laver in cross-section which gives tiela x a ti o n s h o u ld n o t g re a tly a ffe c t th e s tra in m ne a - v l e f s r a n m a u e n t e b l a ~ i l
surements. From the values determined from the values of strain measured in the bulk matrial.
simulation, the allo, layers have a tetragonal dis- The technique should thus be able to be applied to

multilayer structures where bulk strain parameter
tortion. defined as the reative difference be-not po .

tkeen the lattice parameter parallel and per-
pendicular to growth of 0.99 ± 0.09' . Assuming
perfect epitaxN and no surface relaxation, the te-
tragonal distortion as derived from elasticity the- References
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Strain modification by ion-assisted molecular beam epitaxy
in the Si_,Gel-x alloy system: a kinetic analysis

C.J. Tsai, P. Rozenak *, H.A. Atwater and T. Vreeland
Thomas J. Watson Laboratory of Applied Physics. California Institute of Technology. Pasadena, California 91125. USA

Significant changes in strain are produced in Si ,Ge, epitaxial films grown on Si and Ge (001) substrates as a result of lo,
energy ion beam assisted molecular beam epitaxy (IAMBE). Films grown in the temperature range of 200 to 450*C with concurrent
Ar- or Xe ion bombardment are coherently and uniformly strained in the growth direction by up to 1.5% in Ge films and 0.5% in
Si films and contain no dislocations. Analysis of the strain modification kinetics suggests that defect complexes produced by the
injection of ion beam induced native point defects and trapped gas are responsible for the strain changes. The dependence of film
strain on ion/atom flux ratio can be explained by a steady state analysis in which beam-generated defects are annihilated at the
growth surface. The dependence of strain modification on ion energy and ion species indicates the relative importance of surface
defects and bulk defects in the free volume expansion of the films. Evolution of strain upon post-growth isochronal annealing
suggests the complex nature of as-grown defects and rearrangement of defects during annealing. The relative roles of native defects
and trapped gas in strain modification and thermal stability are discussed.

1. Introduction of two regimes: one, in which surface processes.
such as surface diffusion and adatom incorpora-

The requirement of increased control over the tion at growth sites, can be enhanced at low
microstructure and properties of thin epitaxial temperatures while avoiding bulk damage. and
films has generated interest in alternatives to con- another in which controlled damage can be em-
ventional thermal epitaxial growth. One approach ployed in useful ways.
is to utilize concurrent low energy ion bombard-
ment during epitaxy to promote useful changes in
film growth kinetics. Low energy ion bombard- 2. Experiment
ment has been employed as a method for surface
cleaning during growth in plasma-enhanced chem- Films were grown in a custom-designed molcc-
ical vapor deposition of Si [1]. Other applications ular beam epitaxy system with two electron beam
include enhancement of dopant incorporation via sources and a Kaufmann-type ion source capable
concurrent ion bombardment during growth in Si of producing Ar' or Xe' ion beams at energies of
[2]. and increasing critical thickness for layer-by- 50-1200 eV. The base pressure of the system was
layer growth of strained InAs on Si [3]. Direct low I × 10- 10 Torr, and during the operation of ion
energy ion beam deposition has also produced gun the system was backfilled with Ar or Xe gas
epitaxial films of Si Cc and GaAs [4], and nota- to a typical pressure of 8 x 10 -  Torr. Strain-
bly has yielded thick epitaxial Si films at tempera- modified films 100 nm thick were grown at con-
tures as low as 100°C 15]. Of particular interest stant rate in the range 0.1-0.7 nm,/s on (001) Ge
for high quality epitaxial films is the identification substrates and 0.08-0.2 nm/s on (001) Si sub-

strates, following growth of a 50 nm buffer layer

Permanent address: Department of Materials Engineering. of pure Ge or Si by conventional molecular beam
Ben-Gurion University of the Negev. Beer-Sheva 84105. epitaxy. Ion/atom flux ratios were typically in the
Israel. range 1 : 10-1 :100. Temperature was measured

(8)22-0248/91/03.50 1991 - Elsevier Science Publishers B.V (North-Holland)
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using a calibrated optical pyrometer. Growth tern- defect broadening were observed. Comparison of
peratures were in the range of 200-450 * C. Films experimental X-ray data to a dynamical X-ray
were analyzed in-situ using reflection high energy diffraction model, allowed strain to be extracted
electron diffraction (RHEED), and following [7]. The results indicate the presence of a coherent
growth by X-ray rocking curve (XRC) measure- film, i.e. Eli 0%, with perpendicular strain result-
ment with a four crystal monochromater [6] using ing in a tetragonal distortion such that i , = 0.82%.
Cu-Ka radiation, Rutherford backscattering The post-growth RHEED pattern taken at 20 keV
(RBS). and transmission electron microscopy along a [110] azimuth provides a qualitative indi-
(TEM). Post-growth annealing was performed in cating of a smooth surface morphology with (2 X 1)
vacuum with a pressure of 5 X 10-6 Torr. surface reconstruction. Cross-sectional transmis-

sion electron microscopy indicated the 100 nm
film to be free of misfit dislocations, threading

3. Results and discussion dislocations and stacking faults, indicating that
strain modification did not occur as a result of

The strain state for a 100 nm thick Ge film on introduction of linear or planar defects. Fig. lb
(001) Ge grown by IAMBE is illustrated by the shows XRC and RHEED results for a Si,)Ge.
diffraction intensity in fig. la. taken around the layer grown on Ge (100) by IAMBE at a growth
(004) and (224) Bragg diffraction using Cu-Ka rate of 0.25 nm/s with an Ar energy of E, = 200
radiation. The film was grown at T = 300' C, at a eV and ion/atom flux ratio of J,/J, = 0.03. In the
growth rate of 0.3 nm/s with a Ar* energy of rocking curve scan around (004) diffraction plane.
E, = 200 eV and ion/atom flux ratio of J,/J = the Bragg peak from the 250 nm film occurs at
0.03. In both cases, sharp Bragg peaks without .1O = +0.11 ° with respect to the substrate Bragg

0.5 . . . . . . . . . . . .- 2.0
- 004J diffraction a b -(004) diffraction" 0.4 N...(2)dfrcin" (24) diffraction

S1.5

0.3
> .> 1.0

u 0.2 U
-W •thermal

-) 0.5 growth

0.0 0.. L g0.0
-0.6 -0.4 -0.2 0.0 0.2 -0.2 0.0 0.2 0.4 . 0.6

AO (Degrees) AO (Degrees)U.
Fig. 1. (a) X-ray rocking curve around (004) Bragg peak for 100 nm Ge film grown on (001) Ge by IAMBE at T= 30WC for an
ion/atom flux ratio J,/J. - 0.03. and incident Ar* ion beam energy E, = 200 eV. Also shown is a rocking curve around the (224)
Bragg peak. 20 keV RHEED pattern at incidence angle of 2' is shown below. (b) X-ray rocking curve around (004) and (224) Bragg
peaks for 250 nm Si 0 2G, ),/(001) Ge grown by IAMBE at T= 300'C; ion/atom flux ratio J/IJ, = 0.03; incident Ar ion beam

energy E, - 200 eV. 20 keV RHEED pattern at incidence angle of 20 is shown below.
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2.0 I.... I .. I I I .. first order rate equations assuming defect interac-

1.5 0 Ge (Ar 200 ev tions and higher order terms can be ignored:" - 7 • Ge (Ze 1200 e)-
1.0 0 ~Si (A 00 eV) n.d=- n -k n,()

.. a .... .. dni/dt = G- kin i - konn v,  (2)
-0.5 . . . dn,,/dt = G'- kmnm, (3)

0.000.05 0.10 0.150.20 where G and G' are native defect generation rate

Oi/Jo and incident ion trapping rate, respectively, which
Fig. 2. Variation of perpendicular strain c. with ion/atom are proportional to the ion/atom ratio; n., ni,
flux ratio J. /J, at the surface for 100 nm thick Ge films grown and n. represent the concentration of vacancies,
on Ge (001) by IAMBE at T=300*C with (0) Ar' ion
energy E, = 200 eV. and with (0) Xe ion energy E, = 200 eV. interstitials and trapped gas, respectively. The
and for 100 nm thick Si films grown on Si(001) by IAMBE at parameters k., ki, and km are rate constants for
T = 3501C with (0) Ar' ion energy E, = 100 eV. Uncertainty the annihilation of vacancies, interstitials, and

in measurement is indicated by the size of the symbol. trapped gas to fixed sinks, and k0 is the rate

constant for vacancy and interstitial recombina-
tion. For steady state, two cases can be discussed
in this simple picture. First, when bimolecular
recombination is the dominant annihilation pro-
cess simplified expressions for vacancy, interstitial

peak. It should be noted that a coherent film with and trapped ion concentrations can be obtained:
this alloy composition grown by conventional
MBE exhibits a Bragg peak at AO = +0.50, with n, 1VGk,/k,k,, ni - Gk,/k,k ,
an associated strain of , = - 1.3%. The magni- i G'/k,.
tude and sign of strain modification are nearly
equal for the pure Ge film and Si,12Ge15 alloy. Second. when fixed sink annihilation is the domt-
strongly suggesting that the normally tensile strain nant process:
in the Si) .Geo, alloy was compensated by point ,,
defects introduced by IAMBE growth. RHEED
pattern also indicates a smooth surface mor- The second case is consistent with the observation
phology. of linear dependence of strain on ion/atom flux

The variation of perpendicular strain. f_ with ratio, indicating that defects recombine at a fixed
ion/atom flux ratio J,/J,. for 100 nm thick Ge sink (most probably the growth surface). How-
films grown on Ge (001) with Ar' 200 eV and ever, this kinetic analysis cannot further specify
Xe" 200 eV at T = 300 'C and for 100 nm thick the relative roles of native defects and trapped gas
Si films grown on Si (001) with Ar 100 eV at in strain modification.
T= 3500C by IAMBE is shown in fig. 2. The The variation of perpendicular strain, c .with
expansion of the lattice constant in the growth incident ion energy, E,, for Ge films grown on Ge
direction in Xe bombarded films is less than that substrates by IAMBE at T= 3000C with J,/J, =
for Ar' bombarded films with the same ion-atom 0.02, and for Si films grown on Si substrate by
flux ratio. This is consistent with the assumption IAMBE at T= 350°C with J/J,=0.016 are
that Xe ' ions produce less bulk defects than Ar' shown in fig. 3. A monotonic increase in strain
ions with the same energy and the projectile range with increasing incident ion energy in the energy
of Xe' is shallower than that of Ar [81. An range E, = 70-300 eV is observed. In both cases,
approximately linear relationship exists between no detectable strain modification is observed for
perpendicular strain c , and ion/atom flux ratio. ion energy below 70 eV. Although the determina-
This result can be pictured by considering the tion of threshold energy for strain modification is
defect kinetics to be governed by a set of coupled affected by the instrument sensitivity and the

I. _
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2.0 1 .... II ... I ... , - with J/J, = 0.04, and an Ar bombarded Si film
Ge (J,/J=0.02) grown at T= 350°C with J/,a =0.04. The an-
Si (J/J=0.01 6 nealing time for Ge films is I h and for Si film is

1-. 30 min. RBS results suggest that the Ar concentra-

W1 0.5, Otion in annealed Si samples was practically con-
0.0 stant in the annealing temperature range. If the

-0.5 .annealing behavior is explained by the segration
0 100 200 300 400 of Ar atoms to form bubbles or the aggregation of

Ion Energy (eV) native point defects to form extended defects, a
Fig. 3. Variation of perpendicular strain. . with incident ion monotonic decrease in strain with respect to an-
energy E,. (S for 100 nm thick Ge films grown on Ge nealing temperature should be expected. This
substrates by IAMBE at T= 3000 C with fixed ion/atom flux neamn t epeatre sho b e xpee t
ratio J,/J = 0.02. and (0) for 100 nm thick Si films grown on

Si substrate by IAMBE at T= 350'C with fixed ion/atom annihilation or aggregation occurred during an-
flux ratio J, /J = 0.016. Error bars indicate the uncertainty nealing. From this observation it was deduced that
introduced by possible variations in the ion/atom flux ratio migration of either Ar atoms or native point de-

fects alone is not able to explain the annealing
behavior. The local strain field around a trapped
gas atom is expected to be large, which may cause
the inert gas atom to form a complex in order to

threshold is expected to be temperature depen- relax the local strain. On the other hand, a native
dent, the close agreement between the theoretical defect (e.g. vacancy) may increase the trapping
estimate of the transitional energy regime for onset probability for inert gas atoms. The nonmono-
of bulk displacements in Ge by Brice et al. [8]. and tonic behavior leads us to speculate that the strain
this experiment is noteworthy. modification is related to Ar-defect complex for-

Previous work on Ge epitaxial films grow on mation.
(001) GaAs substrate done by Haynes et al. [9]
using mass-selected 40 eV Ge beams showed a
small expansion of lattice parameter in the growth
direction. This small free volume expansion was
presumably caused by the native defects of Ge. 1.5
since no inert gas was involved in their work. To Ge xr 200 ev)

elucidate the relative roles of native point defects ., 1.0 0 Si (Ar 100 eV)

and trapped gas in strain modification. Xe con- -
centration in Ge films grown at T= 300'C and o 0.5
Ar concentration in Si films grown at T= 350 0 C
were measured tising RBS. The results indicate 0.0
that the amount of trapped gas is approximately 200 400 600 800

proportional to the strain. If we assume that strain T (°C)

is generated only by trapped gas and Vegard's law Fig. 4. Variation of perpendicular strain. t . with annealing

can be applied for the lattice parameter in this temperature for (0) 10) nm thick Ge film grown on Ge
case with = 0% and a,, = 1.88 A. close agree- substrate at growth temperature T = 3000 C. At" ion energy,

E, = 200 eV. and in/atom flux ratio J ,/J = 0.02. for (3) 100
ment can be obtained between experimental value nm thick Ge film grown on Ge substrate at growth tempera-

and calculated value for Ar in Si films. This sug- ture T = 3000 C. Xe' ion energy E, = 200 eV. and ion/atom

gests that Ar atoms in Si play an important role. flux ratio J,4., = 0.04. and for (0) 100 nm thick Si film grown

Fig. 4 shows the strain behavior as a function on Si substrate at growth temperature T= 350
0

C. At" ion
o n no Aenergy E, = 100 eV and ion/atom flux ratio IJ,/ = 0.04. The

of annealing temperature of an Ar' bombarded annealing time for Ge films is I h and for Si film is 30 min.
Ge film grown at T = 3000 C with J,/J, = 0.02. a Uncertaintv in measurement is indicated hi, the size of the

Xe' bombarded Ge film grown al T = 300 0 C symbol. The lines are a guide to the eye.
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4. Conclusion energy ion bombardment produces strain changes
without producing extended defects, such as dislo-

In summary, we have observed large changes in cation and stacking faults, high quality epilayers
Si Ge ,- layer strain, by up to 1.5% in Ge and can be grown on top of such layers. In the present
0.5% in Si during concurrent molecular beam epi- work, we describe only changes in perpendicular
taxial growth and low energy ion bombardment strain. If equivalent changes in in-plane strain can
(IAMBE). The films are coherent and dislocation- be produced, it may be possible to accommodate
free. The dependence of layer strain on ion energy, film-substrate lattice mismatch in a novel manner.
ion/atom flux ratio and temperature are con-
sistent with a model in which misfit strain is
accommodated by free volume changes associated
with injection of a uniform dispersion of defects Acknowledgments
consisting of native point defects and/or trapped
inert gases. An increase in strain of the films This work was supported by the National
during annealing was observed. Migration of Science Foundation P.Y.I.A. program (DMR-
trapped gas atoms or native point defects alone 8958070) and the Materials Research Group pro-
cannot explain the annealing behavior, gram (DMR-8811795).
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Si/SiGe heterostructures grown on SOI substrates by MBE
for integrated optoelectronics

V.P. Kesan. P.G. May, F.K. LeGoues and S.S. Iyer
IBM Research Division. TJ. Watson Research Center, Yorktown Heights, New York 10598, USA

We have investigated the structural, electrical, and optical quality of epitaxial Si and SiGe films grown by MBE on SIMOX
(separation by implanted oxygen) silicon substrates. Epitaxial films grown on these SOl substrates have been characterized using
planar and cross-sectional TEM. SIMS, and Seeco chemical etching to delineate defects. We have fabricated the first Si/SiGe
integrated waveguide-photodetector for long wavelength applications. Low reverse leakage current densities were seen in these device
structures. The detector exhibited a responsivity of 0.43 A/W at 1.1 itm with an impulse response time of 200 ps.

1. Introduction chemical etching to delineate defects. The P-i-N
Si/SiGe integrated waveguide-detector exhibited

The use of silicon-germanium heterostructures low reverse leakage currents (10-30 pA/m- at 15
permits the realization of Si-based optoelectronic V reverse bias) and 50% internal quantum ef-
detectors in the 1.3 pm wavelength regime, without ficiency at 1.1 pm with an impulse response time
the use of III-V technology. P-i-N photodetec- of 200 ps.
tors and avalanche photodiodes (APDs) using
Si/SiGe strained layers have been fabricated by
Temkin and co-workers [1.2]. Silicon-on-insulator 2. Bulk silicon films grown on SOl
(SOl) structures are useful for Si-based integrated
optoelectronics since the buried oxide layer forms The SIMOX substrate used in these experi-
a low index confinement region that permits effec- ments employed a three stage implant/anneal
tive waveguiding in the silicon overlayer. The use cycle resulting in an integrated dose of 1.8 X 10t
of SOl thus permits the integration of active ions/cm2 at 200 keV with a total anneal cycle of 6
optoelectronic devices with passive waveguide ele- h at 1300°C. This results in a 4000 A SiO, layer
ments. In order to realize these integrated device buried 2000 A beneath the top silicon surface of
structures epitaxial growth of Si/SiGe strained the substrate. Fig. la shows a bare SIMOX wafer
layer heterostructures on SOl substrates is re- examined with an optical microscope using
quired. Nomarski image contrast te possess a distinct

We hav, investigated the structural, electrical, medium "orange peel'" look. The defect density in
and optical quality of epitaxial silicon films grown the virgin SIMOX wafers was determined using
by MBE on SIMOX (separation by implanted the Seeco etch [31 (2:1 HF: KCr.O1 (0.15M)).
oxygen) silicon substrates. We have fabricated the The Seeco etch was chosen since it has been
first Si/SiGe superlattice p-i-n integrated rib shown to delineate most defects and provide an
waveguide and detector structures on SOl sub'- upperbound on the defect density in Si wafers [4].
strates with excellent electrical and optical char- Fig. lb shows a SIMOX wafer that has been Seeco
acteristics. MBE and CVD epitaxial films grown etched 3000 A to reveal defects in the buried oxide
on SIMOX substrates were characterized using layer. Characteristic raised defects, probably
planar and cross-sectional TEM, SIMS, and Seeco oxygen clusters, can be seen in fig. lb. and one

00224248/91/$03.50 1991 - Elsevier Science Publishers B.V. (North-Holland)
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Fig. 1. (a) A bare SIMOX wafer examined with an optical microscope using Nomarski image contrast. A distinct medium "orange
peel" look can be seen. (b) A SIMOX wafer that has been Seeco etched 3000 A to reveal defects in the buried oxide layer.
Characteristic raised defects. probably oxygen clusters, cain be seen in this region. (c) One such defect is clearly shown here. The

magnification in (b) and (c) is ten times lower than in (a).

Fig. 2. A high resolution TEM cross-sction of the Si/SiO2 top interface. Atomic fringes can be cleasrly seen in the silicon~ overmayer.
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Fig. 3. (a) A I p&m MBE Si film grown on SIMOX on the bottom half, with the top half showing the same film Seeco etched 5000A
to reveal defects., (b) shows the etched Si film in detail and the film has taken a rough appearance with some distinctly shaped

defects, one of which is shown in (c). The magnification in (a) and (b) is ten times lower than in (c).

~28 PERIODS, 70004 Si/SiGe
SIJPERLATTICE MULTIPLE QUANTUM

210A Si WELL ABSORBING
40 TSi. 4 %.6 REGION

Fig. 4. Schemwtic view of the integrated waveguide-detector structure showing both device geometry and epitaxial layer structure.
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such defect is clearly shown in fig. Ic. The delinea- from the SIMOX substrate. More details regard-
tion of defects by Seeco etching in an oxide matrix ing the structural quality and defect distribution
needs further study. A defect density of (2-5) X in SIMOX wafers and in epitaxial Si films grown
103/cm 2 was seen in the silicon overlayer after on them will be presented elsewhere [5].
etching. Fig. 2 shows a high resolution TEM
cross-section of the Si/SiO2 top interface. The Si
overlayer can be seen to be defect free (below
TEM resolution) and atomic fringes in the film 3. Integrated waveguide and P-i-N detector

point to its good structural quality.
Thick (= 1 pm) nominally undoped epitaxial Si Si/SiGe P-i-N integrated waveguide-detector

films were grown on these SIMOX substrates by structures were grown on SIMOX substrates by
MBE and high temperature (1050°C) conven- MBE (see fig. 4). The undoped Si waveguide layer
tional CVD. Fig. 3a shows a MBE Si film grown was grown at 650 'C, after which the substrate
on SIMOX on the bottom half, with the top half temperature was dropped to 375 * C for the growth
showing the same film Seeco etched. Fig. 3b shows of the Si/SiGe multilayer structure. The substrate
the etched Si film in detail and the film appears to temperature was raised back to 450 'C for the
have taken a rough appearance with some dis- growth of the p contact layer. The device geome-
tinctly shaped defects, one of which is shown in try consisted of a nominally undoped, Si/Si - Ge,
fig. 3c. Defect densities in both the MBE grown multiple quantum well absorbing region, with Si
and CVD grown Si were found to be around p- and n-doped cladding layers on either side,
10 3/cm 2, suggesting that these defects originate grown on a Si waveguide structure (see fig. 4). The

Fig. S. (a) TEM cross-section of the entire P-i-N Si/SiGe structure grown on SIMOX

li
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absorbing region consisted of a 40 A Si0.4Ge0.6/
210 A Si, 28 period, superlattice (corresponding to

an average Ge composition of 10% in this region).
Cross-sectional TEM showed the structural and

interface quality of the complete device structure
to be excellent (see fig. 5a), and fig. 5b shows the
pseudomorphic SiGe/Si superlattice region in
greater detail. Defects, which are either stacking

faults or induced by particulates, originating in
the SiGe/Si superlattice region are seen in fig. 5a.
One such defect is shown in fig. 5c. The effective
Ge concentration in the Si/SiGe layers and the

doping concentration in the contact layers were
determined by RBS and SIMS respectively. The Fig. 7. Device impulse response when illuminated by 100 ps

waveguide-detector structure (see fig. 1) was pulses from a 1.3 pm Nd:YAG laser at 20 V reverse bias. The

fabricated using conventional silicon fabrication full width half maximum of the impulse response is 200 ps.

techniques - RIE etched mesas, PECVD oxide
passivation. and Ti/Al contacts. For comparison.
P-i-N detectors were fabricated on both Si and

SIMOX substrates. I- V characteristics measured
on large area devices grown on SOL, and ranging the detector active area. In separate experiments.

from 100 pm x 100 tm to 260 pm X 260 pm, optical waveguides 30 pm X 1 um X 1 mm were

showed low reverse-leakage current densities. At 5 fabricated in 1 pm epitaxial Si films grown on

and 15 V reverse bias, the leakage current density SOL. These waveguides exhibited low attenuation

was 1-3 and 10-30 pA/jtm2. respectively, with a losses of 1-2 dB/cm at 1.3 pm. The P-i-N detec-

reverse breakdown voltage of 35-40 V (see fig. 6). tors with an active device area of 930 pm x 30 pm

Optical measurements were made by coupling exhibited an internal quantum efficiency of 50% at

light both directly into the Si/SiGe absorbing 1.1 pm (external quantum efficiency of 12%) at 10

region and into the silicon waveguide, remote from V reverse bias. The impulse response time (full
width at half maximum) of the detector when
illuminated by 70 ps pulses at 1.06 pm and 100 ps

I T pulses at 1.3 pm. both obtained from a Nd: YAG

10-1 -- 0.3 laser, was 200 ps (see fig. 7). The speed of the
0detector appears to be limited by the RC time

00o constant of the device. The detector exhibited a
0.3 ~ peak spectral response at 1 06 pm at room temper-

z 0 ature. in good agreement with calculated transi-Ix 0 - 9
w

D tion energies between confined light hole valence
0.60- 0 band states to four-fold electron conduction band

101 0 9 states in the Si/SiGe multiple quantum well struc-
ture. The peak response of the detector is hence

t0-12 t I I I I I I L2 tunable by varying the physical parameters of the
1,8 9.6 64 3.2 00 omultiple quantum well structure. The DC electri-

VOLTAGE I cal and optical characteristics. i.e.. reverse leakage

Fig. 6. Logarithmic (left vertical axis) and linear (right vertical current, quantum efficiency, ,i speed. are the
axis) DX' I - V characteristics of the Si/SiGe p-i-n detector o peed. ete
fabricated on SO[ with an on-chip device area of 260 p m × 260 best reported so far for Si/SiGe p-i-n detectors.

pim. The reerse leakage current density at 15 V reverse bias is More details regarding the optical performance of

16 pA/pm
2. these detectors will be reported elsewhere 161.

I-.
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4. Conclusion sights in defect etching, and J.-M. Halbout for
many useful discussions. We would also like to

We have investigated the structural, electrical, acknowledge the continuing support and en-
and optical quality of epitaxial Si and SiGe films couragement of T.P. Smith for this work.
grown by MBE on SIMOX (separation by im-
planted oxygen) silicon substrates. We have
fabricated the first Si/SiGe integrated waveguide-
photodetector for long wavelength applications.
Low reverse leakage current densities were seen in References
these device structures. The detector exhibited a
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The growth and electronic properties of a-Sn thin films grown
on InSb(100) and (111) substrates by molecular beam epitaxy (MBE)

W.T. Yuen *, W.K. Liu **, R.A. Stradling *'** and B.A. Joyce *
Imperial College of Science, Technolog' and Medicine, Prince Consort Road London SW7 2BZ. UK

The growth and electronic properties of a-Sn films grown on InSb(100) and (11) are investigated by RHEED. Shubnikov-De
Haas (SDH) and magneto-optical studies. Two new structures. p(2 x 2) and c(4 x 4) apart from the commonly observed two-domain
(2 x 1). are observed on the (100) surfaces when the overlayer thicknesses approach 500 A and 1000 A respectivelv. The
a-Sn/lnSb( 11) surface exhibits a (3 x 3) reconstruction up to an overlayer thickness of 1000 A and a (3 x I ) is developed on further
growth. It is found that not only the surface structures of the a-Sn film vary with substrate orientations and the thicknesses of the
oserlaver, the charge concentration of the two dimensional electron gas (2DEG) at the interface also exhibits similar behaviour. The
properties of the 2DEG are investigated by Shubnikov-De Haas (SDH) experiments and possible mechanisms responsible for the
occurrence of the 2DEG are discussed. Magneto-optical data indicate the presence of carriers due to the a-Sn layer with m * ranging
from 0.028mn, to 0.034m o .

1. Introduction [4]. Several groups have independently reported
the growth of high quality n-type a-Sn thin films

The observation of a two-dimensional electron on CdTe [5-91 and InSb [10] substrates. The con-
gas (2DEG) at the interface of a lattice-matched finement of carriers in the thin film (quantum size
nonpolar-polar system. namely the.,a-Sn/InSb effect) has recently been reported [8]. but ap-
heterostructure [1], has already been reported. Re- parently a 2DEG was not observed.
suits from samples with various film thicknesses
seem to suggest that the electronic properties, in
particular the 2DEG, may be related to the surface 2. Experimental
structures of the substrate and the overlayer. In
this paper we will present a brief report of the The samples investigated were 0.02-0.35 tm
growth and electronic properties of a-Sn films thick a-Sn overlayers grown on InSb(100) and
grown on lnSb(100) and (111) surfaces as studied (111) surfaces (Cd doped to 1014 cm 3 for the
by reflection high energy electron diffraction p-type and Te doped to 1014 cm - for the n-type:
(RHEED) [2], Shubnikov-De Haas (SDH) and both supplied by MCP. UK), using a three-cham-
magneto-optical measurements. The properties of ber MBE machine. Details of the growth and
the 2DEG will then be discussed in the light of the sample preparation have been reported in earlier
various experimental results. A detailed analysis papers [1.21 and will not be repeated here.
of the SDH and magneto-opiical data for the a-Sn
films will be reported elsewhere [3].

The growth of a-Sn and a-Sn - ,Ge, thin films 3. Results and discussion

has recently been the subject of considerable inter- ---
est following the pioneering work of Farrow et al. 3.1. Surface structures of a-Sn(l0) and (I 1)films

Interdisciplinary Research Centre for Semiconductor Surface structures of the a-Sn films grown on
Materials. InSb substrates have been studied by RHEED
Rlackett Laboratory. using a multi-azimuthal approach. Diffraction
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streaks in several Laue zones of the RHEED tion analysis is essential for the study of complex
patterns obtained from three different azimuths surface structures in which several surface do-
are examined as a function of film thicknesses. mains coexist at the same time. For instance, half
This "multi-azimuthal, multi-Laue zone" diffrac- order streaks along (110) azimuths together with

an integral streak along [100] can both be found in
the zeroth Laue zone of two-domain (2 x 1) as

P; (aux well as two-domain c(4 x 2) structures. The dif-

I (I) ference between these two structures can only be
distinguished from the diffraction streaks in higher

/ order Laue zones [21.
(i) The growth of a-Sn on lnSb(100)-(4 x 2) starts

with the quenching of the substrate superstructure
v °for the first 20 A, leaving a bulk structure together

with strong background in the RHEED patterns.

NO (.Using a growth rate of about 0.5 Mm/h, the surface
.\ /, structures of the a-Sn films undergo a thickness

dependent change: two-domain (2 X 1). p(2 X 2)

a and c(4 x 4) structures are observed at film thick-
0 2 4 6 B (T) nesses of 20, 500 and 1000 A respectively. When

the film thickness exceeds 1000 A, the surface
INT. (a u structure becomes very complicated: ID disorder

accompanied by atomic steps is observed. The

" B. presence of these structures on the a-Sn(100)
surface has been compared with that of Si(100).
and a dimer model [2] has been proposed to

I, (iiiN account for the occurrence of these structures on
the a-Sn(100) surface.

The growth of a-Sn/InSb(lll)-(3 x 3) is sim-
. - (i) pier than that of the (100) surface: a (1 X 1) bulk

structure is observed for the first 20 A of growth
and then a (3 x 3) structure takes over until the

bi) thickness exceeds 1000 k Further growth reduces
b...... the intensity of the 1/3 order streak along [112]

0 25 50 75 B (T) and a (3 X 1) structure begins to develop as the

film thickness reaches about 1200 A. The observa-
Pxx (a u) tion of the (3 X 3) structure agrees with that re-

B,,

(i) Fig. 1. (a) Experimental recordings of the second derivative of
the magnetoresistance of an a-Sn/InSb structure at 4.2 K with

60 the magnetic field applied perpendicular to the plane of the

sample for the (i) 200 A and (i) 3000 A thick film grotn on
InSh(100), and (iii) 1200 A thick film grown on InShdibJ
surfaces (b) The corresponding FFT power spectrum for these

-N three samples and (c) diamagnetic resonances due to depopula-
ONi) tion of carrier into lower subbands when magnetic field is

S,,applied parallel to the plane of the sample. Depopulation fields
0 2 4 6 B (T) of individual subbands are indicated by the arrows.
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ported by Kasukabe et al. [11] but differs from the INT. (a. u.)

(1 x 1) structure observed by Hochst et al. 112].
Note that the surface structures of the a-Sn . a-Sn/lnSb (Fi')

films depend on the overlayer thickness and sub- j6

strate orientations. It is found that the 2DEG
exhibits similar behaviour: the carrier concentra- , . -

tion of the 2DEG seems to be affected by the : 1 /IN '

orientation as well as the thickness of the sample / 3-

(see section 3.2 below)./ 20

3.2. Shubnikov-De Haas results / , 15!

Hall measurements indicated that the first few 0

structures grown in the reactor were p-type but 20 40 B (r)
that later samples were n-type even for films only200 A thick. The presence of a high-density 2DEG Fig. 2. The FFT power spectra for the a-Sn/lnSb(1I11) sample

with the magnetic field applied at angle 8 to the normal of the
is evident from the complicated magnetoresistance surface plane. Note that the fundamental field for the sub-

structures as depicted in fig. Ia. Note the remarka- bands has been scaled to the B cos 0 term, i.e. for a perfect

ble difference between the peak structures ob- 2DEG the peaks should follow the dashed line. At about

served from the thick (3000 A) and the thin (200 0 = 450 some peaks appear to merge together: this could be
A) films. Due to the complicated oscillatory struc- attributed to the change of Landau level spacing relative to

that of the spin-splitting as 6 increases.

tures in the magnetoresistance, fast Fourier trans-

form (FFT) of the magnetoresistance data is re-
quired to determine the (1/B) periodicity and to ments were performed with a-Sn/InSb(100) and
identify individual subbands. The FFT power (111) samples and the results for the (Ii) surface
spectrum shown in fig. lb indicates distinctly the are shown in fig. 2. With this sample, spin-split-
existence of as many as nine subbands in the ting apparently became dominant at an angle of
a-Sn/InSb(lll) sample. When the magnetic field approximately 45*. Up to 320 , the Fourier peaks
is applied parallel to the sample surface, the bot- from the first two subbands showed little in-
tom of the electric and magnetic hybrid subbands fluence of spin whereas the spin-splitting terms for
will be shifted upwards through the Fermi level. subbands with i > 3 became much weaker on rota-
As a result, charge carriers will be redistributed to tion. Note that almost all of the subbands follows
the lower subbands. The reduction in inter-sub- the l/cos 0 rule. On the other hand, experiments
band scattering gives rise to "diamagnetic reso- taken with small intervals in 0 with spike-doped
nances". Fig. Ic shows parallel field measurements lnSb grown at low temperature (240*C) showed
which consistently demonstrate the presence of a some deviation from the I/cos 8 relationship at
large number of subbands in the thin film. small angles [3]. While diffusion of Si dopant in

The results of "tilting" experiments in which these sample is expected to be low [131, it may still
the magnetic field is rotated to a variable angle 0 be significant on the scale of the cyclotron radius.
with respect to the normal of the growth plane can Moreover, Fourier analysis data on 8-doped tnSb
be very informative. For a true 2DEG the funda- samples indicated that the spin-splitting terms did
mental fields of the Shubnikov-De Haas series not become dominant until 0 > 500. The signifi-
should increase as l/cos 8, i.e. the separation of cant differences between the a-Sn structures and
the Landau levels should decrease with increasing the 8-InSb layers suggest that the 2DEG in the
0. On the other hand, spin-splitting should be former case involves the a-Sn layer itself and that
independent of f for isotropic conduction bands little intermixing of the Sn and InSb has occurred
with the result that it should become progressively away from the interface, i.e. an abrupt heterojunc-
more significant as 0 increases. Rotation measure- tion is formed.

2 ) I
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Substrates subjected to the cleaning procedure ference should increase with decreasing film thick-
without subsequent epitaxial growth do not ex- ness. Fig. lb indicated that the reverse trend is
hibit any SDH oscillations, demonstrating that the true for a-Sn/lnSb films and that the ratio of the
2DEG is not created by substrate cleaning subband occupancies E,/E,+1 are relatively con-
artefacts. The 2DEG charge density seems to be stant (- 1.5) for both thin and thick films 131.
affected by the thickness of the a-Sn film in a Hall measurements indicated that the apparent
complex manner: for film thickness below 3000 A bulk carrier concentration of a-Sn films grown on
it increases with overlayer thickness but it shows low doped p-lnSb(100) is of the order of 1017

an opposite trend when the overlayer thickness cm - 3.At 4.3 K the Fermi levels for the a-Sn and
exceeds 3000 A. Similarly, on reducing the thick- p-InSb are about 20 and I meV above the valence
ness of a 3000 A a-Sn film by etching in HCI for 2 bands of the two materials, respectively. Using the
min, the total charge density falls by about 10%. valence band offset of 400 ± 75 meV determined
One possibility is that the shape of the potential by core-level photoemission studies [151, the
well may change because the dielectric constant of vacuum Fermi level of a-Sn would be about 420
the a-Sn films varies with film thickness [14]. ± 75 meV above that of lnSb. In view of the
Dielectric effects can also alter the potential of the narrow bandgap and high carrier concentration of
well via the image force. We detect no SDH the a-Sn layer, most of the band bending will
structures from films grown on n-type InSb sub- occur in the wider bandgap InSb (250 meV) and
strates even using field modulation techniques. the space charge region could extend several
However, the effect may have been masked by the thousand Angstr6ms into the bulk. However, a
iigh conductance of the n-InSb substrate, large concentration of interface states, which

One important question remaining to be should vary with surface orientation, will alter the
answered is the origin of the 2DEG. Quantum size interfacial potential substantially.
effects cannot be fully responsible for the 2DEG:
for a square well, the difference of the consecutive 3.3. Magneto-optical results
subband energies as well as their occupancy dif-

In order to understand the nature of the 2DEG
as well as the properties of the carriers present in

INT. (a u) the bulk of the a-Sn films, high resolution mag-

Oa neto-optical experiments have been performed in

0 034h A = 96 )um the Faraday configuration. Fig. 3 shows the pho-
toconductivity response from 3000 and 200 A

.028m. thick overlayers at a laser wavelength of 96 lm./ I The two structures labelled S, and S, are the
*\ I bound hole transitions (s-p) due to the Cd dopant

A B 7 < in the InSb substrate [3]. A broad hump at about 5

T can be observed in the thinner film which
(a) quenches when the film thickness increases. Simi-

LiJ lar behaviour is observed in the 118 pm wave-
S1  S2 length spectrum. This structure is tentatively at-

(T) tributed to the 2DEG. On the other hand, two
sharp peaks labelled A and B, which are also
found in the 118 ptm wavelength spectrum are

Fig. 3. The magneto-optical spectrum for (a) 3000 A and (b) identified as cyclotron structures having effective
200 A thick a-Sn films grown on p-lnSb(100) surface. Laser masses of 0.028m0 and 0.034m 0, respectively. Note
wavelength = 96 pm. The two peaks SI and S2 are due to the
bound hole (s-p) transitions of the p-lnSb while the structures
A and B are the cyclotron resonances of carriers in the bulk the thin sample, indicating that they are due to the

a-Sn film. a-Sn overlayer. An effective mass of 0.033m 0 with
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Control of misoriented grains and pinholes in CoSi 2 grown on Si(001)
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Two types of growth conditions have been obtained that consistently overcome the formation of epitaxially misoriented grains in
CoSi./Si001), One is by codeposition of Co and Si at Co-rich ratios at a substrate temperature of - 500 C. This method yields
films of low resistivity (16 Itg

2 cm) and low ion channeling minimum yield (X-n -" 2%). but the misfit dislocation densities are of the
order of 105 cm -. The second way uses a template method of growth after an epitaxial Si buffer layer. Films grown this way have
somewhat higher resistivities than those grown by the first method, but have lower misfit dislocation densities. The strain relief
mechanism in these films also appears to be different from that of codeposited films. Pinhole densities in films grown by both
methods are below our detection limit of 10' cm-.

1. Introduction like the metal-base transistor, the transport of hot
electrons across the CoSi 2/Si interface must con-

Epitaxial CoSi, on silicon is a material system serve crystal momentum parallel to the interface.
of interest because of possible applications such as A recent calculation 151 of the CoSi, band struc-
buried epitaxial metal layers and use in novel ture has shown that appropriate momentum states
devices such as the metal-base transistor. Most do not exist in CoSi 2 for injection of electrons
work has focused on CoSi 2/Si(l11), because very along the (111) direction near the Si conduction
high quality films [1-3], and even multilayers [1,41, band minima, but do exist for injection along the
with essentially perfect interfaces can be routinely (001) direction.
obtained. Current silicon field-effect transistor Unfortunately, in contrast to the growth of
technology uses the (001) surface; however, so that CoSi 2 on Si(111), the epitaxial growth of CoSi 2 on
the growth of CoSi 2 on Si(001) would have greater Si(001) by molecular beam epitaxy (MBE) [61 is

technological impact. Furthermore, in applications rather challenging. The growth conditions used to
obtain high-quality epitaxial CoSi 2 on Si(111) sub-

Present address: Department of Materials Science, Univer- strates will result in films with varying amounts of

sity of Virginia. Charlottesville, Virginia 22903. USA. misoriented grains when applied to Si(001) sub-

Present address: Central Research Laboratories. Matsushita strates. The relative difficulty in growing good
Electric Ind. Co., Ltd.. Moriguchi. Osaka 570. Japan. quality CoSi2 on Si(001) by MBE, as compared to
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growing on the Si(lll) surface. may be due to a electron-impact emission spectroscopy (EIES) and
higher interface free energy for CoSi 2(001)/ feedback-controlled to within 2%. Three main
Si(001) as compared to CoSi,(111)/Si(lll) [7]. growth methods were investigated: deposition of
Yalisove et al. [81 have employed a template tech- Co at various temperatures (400-600 'C), codepo-
nique of growth and have observed two dominant sition of Co and Si at various temperatures and
epitaxial orientations, CoSi 2(001) on Si(001) and stoichiometries, and use of what has been called
CoSi,(l0) on Si(001). They reported obtaining the template method 12,31, where an ultrathin sili-
films with greater than 95% of either orientation cide layer is formed by room temperature
by varying growth conditions. It was reported that codeposition followed by an anneal, before subse-
room-temperature deposition of an appropriate quent codeposition of metal and Si to form a
template of Co and Si was necessary because thicker film.
direct codeposition at temperatures greater than
200 ' C resulted in polycrystalline or islanded films.
Since epitaxial Si overgrowth requires CoSi 2 films 3. Experimental results and discussion
of a single epitaxial orientation, it is desirable to
obtain a reliable method for growing (001) CoSi, As shown previously [9], films grown by deposi-
on (001) Si without misoriented grains. In this tion of Co alone (cobalt-deposited films) were
paper, we show that pure (001) CoSi2 (i.e.. free of found to contain misoriented grains, pinholes, and
misoriented grains to within detection limits) with misfit dislocations. Detailed transmission electron
good resistivity (16 fLf2 cm) and good crystal qual- microscopy (TEM) analysis on films grown at
ity (x,, = 2%), may be obtained by direct - 460 and - 500'C showed misoriented grains
codeposition of Co and Si at high temperature with epitaxial relationship CoSi,(221)//Si(001).
(- 5000C) and at Co-rich stoichiometries. Some Cross-sectional TEM revealed that these cobalt-
template recipes, when used on epitaxially-grown deposited films to have roughened interfaces, with
Si buffer layers, also result in pure (001) CoSi, faceting along (111) planes, and (221) grains
but the resistivity of single-orientation films ob- aligned with (111) facets. The (221) misoriented
tained in this manner is somewhat higher (20-24 grain may then be understood as arising from
p12 cm). The pinhole densities for both of these twinning on (111) facets, which is consistent with
growth techniques are below our detection limit of the fact that type-B CoSi 2 is -observed to grow
10 - cm- 2. preferentially on Si(1 11). Fig. I is a cross-sectional

TEM micrograph of a film grown by deposition of
cobalt at -5000C, showing the misoriented

2. Growth grains lying on (111) facets. Faceting may be due
to the large amount of mass transport (necessary

Epitaxial layers of CoSi 2 were grown on 5-inch for the formation of the disilicide phase) which
Si wafers in a MBE system with base pressure of facilitates the formation of energetically preferred
3 X 10 - 1 mbar. Pressures during growth were in interfaces. In addition, the misoriented grains in
the mid 10- 0 mbar range. n-Type wafers were these films are always associated with pinholes [9].
used, with resistivities between 3 and 16 12 cm, Since the formation of misoriented grains in
and with surfaces oriented within 0.20 of the (001) cobalt-deposited films is associated with the facet-
axis. They were loaded into the MBE system within ing of the interface, one may try to prevent them
15 min of an RCA chemical cleaning, were ther- from forming by reducing the amount of diffusion
mally cleaned at high temperature (- 850 C), necessary across the CoSi 2/Si interface. However,
and then ramped down to the growth temperature. films grown by codeposition of Co and Si in
Cobalt was deposited at a rate of 0.2 A/s, and the stoichiometric (1: 2) ratio at - 500 o C, in which
stoichiometry of the codeposited film was con- no diffusion is necessary, were still found to con-
trolled by independently setting the silicon deposi- tain (221) misoriented grains. Films grown by
tion rate. Deposition rates were monitored by stoichiometric codeposition at lower temperatures

t 4



950 Li. Schawalter et at/ Control of mnisoniented grains and pinholes in CoSi, grown an Si(O01I)

Fig. 1. Cross-sectional TEM micrograph of a 360 A thick CoSi, film grown by deposition of Co at -500C, showing (221)
misoriented grains aligned with (I111) facets.

Fig. 2. Planar view. brighst field TEM image of a MO0 thick CoSt2 film codeposited at -500 
0 C in 1: 2 ratio, showing (221)

misoriciued grains (bright areas) and dislocations (Z -fOOIl. g (220)).
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Fig. 3. TEM diffraction pattern for the same film shown in fig. 2. tilted -12' away from the 10011 axis, towards the 1010] direction,
in order to reveal spots due to (221) grains.

were found to be inferior with poor ion channeling growth still does not result in single-orientation
minimum yields. Fig. 2 is a TEM micrograph of a films, although it did improve CoSi. grown by the
360 k thick film grown by codeposition at template technique. as will be shown later. Al-
- 500° C at the correct stoichiometric ratio, show- though the mechanism for the nucleation of miso-
ing misfit dislocations and (221) misoriented riented grains on stoichiometrically-codeposited
grains. Unlike the cobalt deposited films, these films is not understood, we observed that it is
grains are not associated with pinholes. Since TEM possible to suppress it by forming the CoSi 2/Si

diffraction spots from (221) grains coincide with interface below the original substrate surface. This
diffraction spots from the (001)-oriented film when requires Co-rich codeposition ratios, so that suffi-
taken along the [001], one has to tilt slightly from cient diffusion occurs across the CoSi,/Si inter-
the 1001] zone axis to reveal extra spots due to face to suppress the nucleation of misoriented
(221) misoriented grains. Fig. 3 shows such a TEM grains. However, the Co content should not be
diffraction pattern for the film in fig. 2, with extra rich enough to facilitate faceting, which would
spots due to misoriented grains. The only misfit again result in misoriented grains.
dislocations observed in these films were edge A set of CoSi 2 films were grown in which the
dislocations with a Burgers vector of the type Co-to-Si codeposition ratio was varied between

(110) (as determined from conventional diffrac- 1:2 and 1:0. Films grown at Co to Si codeposi-
tion contrast experiments). For films grown by tion ratios of 1 :1.8 and 1: 1.6 were found to be
codeposition of Co and Si in stoichiometric ratio, pure (001)-oriented CoSi 2 films, free of misori-
we expect the mechanism for the formation of ented grains to within the limits of the TEM
misoriented grains to be different from that in technique. Fig. 4 is a plane-view TEM micrograph
cobalt-deposited films, since no diffusion or mass of a 360 A film grown by codeposition of Co and
transport through the CoSi 2/Si interface is neces- Si in 1 : 1.8 ratio at - 500 *C. Fig. 5 is a cross-sec-
sary in the former. Improving the surface quality tional TEM micrograph of the same film, showing
by growing epitaxial Si buffer layers prior to CoSi 2  a flat interface. No extra diffraction spots due to

-i
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Fig. 4. Bright field TEM image of a 360 A thick CoSi 2 film codeposited in 1: 1.8 ratio at -500'C. Only dislocations are visible

maisoriented grains were observed even when the Fig. 6 shows Rutherford backscattering (RBS)
sample was tilted. Ion channeling minimum yields channeling and random spectra for a film with a

(Xu)for these films were reproducibly -2%. codeposition. ratio of 1:1.8. Incident ions were 2

Fig. 5. Cross-sectional TEM micrograph of the samse film shown in fig. 4. showing a flat interface.
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Energy (MeV) better than 10%. Table I summarizes the results of
1.2 1.4 1.6 1.8 varying the Co to Si codeposition ratio. Faceting

2000 1 1 1 is found to occur at a 1: 1 codeposition ratio.
36nm-CoSi2  Misoriented grains are found to occur at 1 : 1 and

1: 2 codeposition ratio. Films of single (001)
Si( 2 MeV He+  orientation occur at ratios of 1:1.6 and 1:1.8-

1500 The resistivities and channeling minimum yields
do not vary significantly over the range of ratios

Random %:1.4 to 1 :1.8. Thus, the growth of high-quality,
.. " . .single-orientation (001) CoSi, on Si possible by

S1000 the direct codeposition of Co and Si at high tem-

C©peratures and at Co-rich codeposition ratios.
The template technique of silicide growth [2.31

500 X,-2Oo has been used to grow high quality CoSi, and
NiSi, on Si( 11). The template technique was also

<001investigated in this study. Several template recipes
°Co were used. One of these involved depositing an

0- ,initial 2 A of Co, then codepositing 2 A of Co and
7.2 A of Si, all at room temperature. followed by

120 140 160 180 200 220 240 an anneal at - 330' C to form a 14 A thick layer
Channel of CoSi,. (For reference, called template I.) Yali-

Fig. 6. RBS channeling and random spectra of a 360 A thick ov et aled template reci

CoSi- film codeposited in 1: 1.8 ratio at - 500'C. with xe ldm,

- 2i. using 2 MeV 4 He- ions and a grazing exit angle grow CoSi, layers on Si(001) [8]. A second recipe
geometry, involved codeposition of 4 A of Co and 14.4 A of

Si at room temperature. followed by an anneal at
- 330'C. (For reference, called template I1.)

MeV "He'. and a grazing exit angle detector Growth on these templates was done at tempera-
geometry ( - 50 from surface) was used. The resis- tures ranging from 330 to 5000 C. We find that
tivitv of films grown in this manner was the lowest films grown from these templates by codeposition
(16 uQ cm) among all the (001) CoSi, films, at - 330 and - 375 0 C contain (110) misoriented
including those grown by other methods. The ac- grains., i.e., with epitaxial relationship CoSi,(110)
curac, of codeposition ratios is set by the calibra- //Si(001). in agreement with Yalisove et al. [8].
tion of deposition rates, which were accurate to In addition, we find that films codeposited on

Table I
Epitaxial orientations. resistivities. ion channeling minimum yields (X.n). and other characteristics for a series of CoSi I film, grown
at - 500 0 C with different Co-to-Si codeposition ratios: the Xn's were measured at minimum yield just behind the surface peak of
the Co spectrum (hohever. the finite energy resolution of the detector prevented complete resolution of the surface and interface
peaks on the 120 A thick film. which would partially account for its higher X.,, value)

Co: Si Orientations X,, P Microstructure Film thickness

( ) 
)
(Q cm) (A)

1:1 (001). (221) 8 22 Faceting, pinholes 360
: 1.0 (001). (:21) 4 17 Faceting. pinholes 360

1:1.4 NA -' 2 17 NA 360
1:1.6 (001) 2 16 Flat interface, no pinholes 360
1: 1.8 (00l) 2 17 Flat interface, no pinholes 360
1:2.0 (001). (221) < 13 21 Flat interface, no pinholes 120

NA = not available.
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these templates at higher temperature (- 5000 C) observed misfit dislocations have their Burgers
have (221) misoriented grains, which is not re- vector in the (011) directions and are of lower
ported in Yalisove et al.'s work. Cross-sectional density than those of directly codeposited films.
TEM shows the interface of template-grown films Again, no extra diffraction spots due to misori-
to be flat, in contrast to the rough and faceted ented grains was observed. An ion channeling
interfaces observed on films grown by deposition Xm, typical of ideal single crystals was observed.
of Co only at a substrate temperature of - 500 0 C. with a very small interface peak in the channeling

Yalisove et al. 18] have suggested, among other spectrum. However, the resistivity of single-ofien-
possibilities, that the misoriented grains are tation films grown in this way ranged from 20 to
nucleated at defects and impurities on the starting 24 t.LQ cm, even for films annealed at - 500 'C.
Si surface. If this is so. then improving the quality the same temperature at which directly codepo-
of the starting Si surface may significantly reduce sited layers of low resistivity were grown.
(11 0)-oriented grains. We have grown silicide films Pinhole densities on films groA.. by both meth-
using the described template recipes. after an ini- ods were studied by both TEM and scanning
tial 500 A thick epitaxial Si buffer layer was electron microscopy (SEM). No pinholes were ob-
deposited on the Si substrate to assure a pristine served by TEM, but since TEM examines a rela-
Si surface. Films grown using template II were tively small area. TEM observations set an upper
found to contain misoriented grains even with the bound on pinhole density of - 10' cm -2. SEM
use of a Si buffer layer. However, pure (001)-ori- can be used to examine much larger areas but may
ented films, free of misoriented grains to within miss small pinholes. The SEM resolution can be
the detection limits of the TEM technique, have improved by using. a CF4 plasma etch [10,11]. The
been obtained by using template I and an initial Si CF plasma selectively etches Si over CoSi, so
buffer layer. Several areas in the film were ex- that, even if pinholes below the detection limit of
amined in the effort to look for misoriented grains. SEM are present in the as-grown Si, film. they
Fig. 7 is a TEM micrograph of this film. The would be detectable after the CF plasma etch

Fig. 7 Planar view. bright field TEM image of a 120 A thick CoSi, film codeposited on template I at - 330*C. with a 500 A thick Si
buffer layer. Dislowations and clusters of point defects are visible Z [0011. g (220)).
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I-A*

Fig. S. S-M micrographs of a 260 A thick CoSi2 film grown by codeposition of Co alone at 500 (': (a) before CF plasma etching
and (h) after CF, plasma etching.

[10.11]. Using this technique. no pinholes were case, however, the formation mechanism is clearly
observable on films grown by codeposition at different from the stoichiometrically-deposited

:1.8 ratio, although they were observable on films, since the misoriented grains are always asso-
films grown by deposition of Co only. as shown in ciated with pinholes. Single-orientation films
fig. 8. From prior work [10], we know this tech- grown by direct codeposition of Co and Si have
nique will reveal pinholes that are 10 nm in size or somewhat lower resistivities than single-orienta-
larger. We have never observed pinholes smaller tion template-grown films. The method of direct
than this diameter. The plasma etch technique codeposition has the additional advantage over
allows us to set the upper bound on pinhole the template method of being easier to use and
density to 103 cm : requiring less time. Pinhole densities are below the

detection limit of 10' cm 2 on films grown by
both methods.

4. Conclusion

In summary. CoSi, films of single (001) orien-
tation have been grown both by direct codeposi- Acknowledgements
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Characterization and application of fine-patterned Si/CoSi 2/Si double
heterostructures fabricated by self-aligned, two-step MBE

Masanobu Miyao, Kiyokazu Nakagawa, Nobuo Nakamura and Takashi Ohshima
Central Research Laboratory. Hitachi. Ltd., P.O. Box 2. Kokubunji. Tokyo 185. Japan

The formation and characterization of fine-patterned Si/CoSi 2 /Si double heterostructures are comprehensively studied. Using
self-aligned and selective MBE growth. a new sub-micron patterning method of CoSi 2 films is developed. In addition, a high-quality
double heterostructure is formed by two-step MBE of the Si overlayer on CoSi 2/Si, i.e., low-temperature growth followed by
high-temperature growth. The interfaces between CoSi, and Si are atomically abrupt and smooth. Finally, permeable base transistors
with high performance (g.n = 50 mS/mm. fr = 4 GHz) are fabricated using these new techniques.

1. Introduction 0.50) to an accuracy of + 2%. Finally, a Si over-
layer was grown on the CoSi2 in the same UHV

Double heteroepitaxy of Si/silicide/Si is a key chamber. The growth rate of both CoSi2 and Si
technique for overcoming Si-LSI fabrication limi- was about 0.1 nm/s.
tations [1]. This is because crystalline silicide wire The crystallinity of CoSi, and Si films was
embedded in a Si lattice enables the developement examined using reflection high energy electron
of sophisticated devices for ultra-high-frequency diffraction (RHEED) and a cross-sectional trans-
operation [2,3], i.e., permeable base transistors mission electron microscope (XTEM). Surface
(PBTs) and metal base transistors. In addition, it morphology was investigated using a Nomarski
makes possible a three-dimensional connection be- microscope and a scanning electron microscope
tween devices, which is useful for ultra-high-den- (SEM). In addition, the electrical property of the
sity LSIs. However, to realize such applications, Si/CoSi,/Si heterostructure was evaluated by
the following two techniques should be developed: measuring the Schottky diode and the PBT char-
the fine patterning of silicide in the submicron acteristics.
range and the formation of high-quality double
heterostructures (Si/silicide/Si). This paper de-
scribes the authors' recent molecular beam epitaxy 3. Fine patterning of CoSi 2 films by self-aligned
(MBE) developments in relation to these tech- MBE
niques [4.5]. The main idea behind the fine patterning of

CoSi 2 films is a selective MBE growth on pat-
2. Experimental terned Si substrates, as illustrated in fig. la. In this

process, damage-free grooves of the submicron
MBE growth of CoSi 2 and Si was performed in scale (0.5 to 1.5 jAm lines and spaces with 1.0 jam

a UHV chamber (2 X 10 - n Tort). Prior to growth, depth) were formed on Si (111) substrates by
Si (111) substrates were cleaned by low-tempera- photolithography and plasma etching using SF +
ture thermal etching (800°C, 5 min). Then CoSi2  C 2Br 2 F4 gas. Then, single-crystalline CoSi 2 was
films were grown on the Si substrates (300-600 ° Q grown by MBE.
using codeposition of Co and Si during which the Measurement of electrical conductance be-
Co-to-Si beam ratio was kept constant (Co/Si = tween CoSi 2 films on the top and the bottom

0022-0248/91/$03.50 t 1991 - Elsevier Science Publishers B.V. (North-Holland)
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CoSi2 growth. In contrast, Nomarski microscope ob-
servation indicated that pin-hole-free CoSi 2 films

sidewall i.e., pin-hole density < 100 cm-2, were obtainedt (110) (112)... on the flat (111) Si surfaces. These phenomena are

Si (111) *attributed to the fact that the interface energy is
greater on Si {112} and {I10} surfaces than on a
Si (111) surface [6].

(a) An SEM image taken after the growth of CoSi2
film (450C) on the etched grooves is shown in
fig. Ic. The photograph clearly shows the features
of the selective growth of CoSi 2- Thus, submicron

0 500 patterning of CoSi 2 films was established with
VF C self-alignment to the etched grooves by choosing a

-2 VF proper growth temperature (400-500 C)."E IF 2

4Co 41cm22  growth
10"cm

-6 temp. - 4. Formation of a Si/CoSi 2/Si double hetero-
S3Si )/00 structure by two-step MBE

-8 Si(ll11)30C
,, (b) To obtain high-quality Si overlayers on the

-4 -3 2 1 0 1 CoSi 2/Si substrates, two-step Si-MBE growth was
developed. Here, very thin Si (2 nm) layers were

Forward Voltage (V) grown at low temperatures (300-400' C) to stabi-

lize the CoSi 2 surface atoms. Then, on top. thick
Si (50-200 nm) layers were grown at high temper-
atures (500-600'C). Nomarski microscope and
RHEED observations shown in figs. 2a and 2b,
respectively, indicate that the Si/CoSi 2/Si struc-
ture has good surface morphology and crystallin-
ity. In addition X-ray photoelectron spectroscope
(XPS) measurements suggested that no segrega-

S i '1 -1ATE tion of CoSi 2 had occurred during Si MBE growth.
This is in contrast to Si overgrowth on NiSi 2/Si

Fig. 1. (a) Schematic illustration of the self-aligned and selec- substrates 17], where segregation does occur.
tive MBE growth of CoSi 2 films on an etched-groove Si The atomic structure of the hetero-interfaces
substrate. (b) Current-voltage characteristics between CoSi 2  was observed by using XTEM and is shown in fig.
films on the top and the bottom surfaces of the grooves as a
function of growth temperature. (c) SEM micrograph after 2c. The lattice image of the double heterostructure
CoSi 2 MBE growth (450*C) on the etched grooves in the indicates that the upper and lower interfaces be-

(Ill) Si substrate. Marker represents 1 m. tween CoSi 2 and Si are atomically abrupt and
smooth. Thus, a high-quality Si/CoSi2/Si double

surfaces of the grooves is shown in fig. lb. Results heterostructure was realized using the two-step

indicated that the films were electrically connected MBE.

after the low-temperature MBE growth (,
3000C). However, after high-temperature growth 5. Fabrication and characterization of permeable
(_ 400 0C), the films were electrically isolated. base transistors
This suggested that the CoSi 2 films deposited on
the side walls ({112} and {110} orientation) of the PBTs were fabricated utilizing these newly de-
grooves flowed away during high temperature veloped MBE processes, where n-type Si(n - 1016
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a nm) were formed on the top and bottom Si surfaces
of the grooves. Finally, Si overlayers were grown
by two-step MBE. A cross-sectional view and plan
view of the PBT (before Al electrode fabrication)
are shown in figs. 3a and 3c, respectively.

The Schottky diode characteristics between the
source and gate showed a reasonable ideality fac-
tor (n-value) of 1.05 under a forward bias condi-
tion. The current-voltage (I-V) characteristics
exhibited triode like features as shown in fig. 3b.

0.5 - 1.0 im
source (a)

nI-- Si (111)sub.Si~(1Jim)

drainc(b)

E VG =0.5V to -3.5V
E

100 -0.5V step

0~50-

0 1 2 3 4 5

Source-Drain Voltage (V)

Fig. 2. (a) Surface morphology of the Si/CoSi 2/Si double (C)
heterostructure observed by the Nomarski microscope. Markers
represent 10 pxm. (b) RHEED pattern obtained after 15
Si/CoSi,/Si double heteroepitaxy. (c) Cross-sectional lattice
image of the Si/CoSi 2 /Si double heterostructure observed by 0"

TEM.IUIf = 4GHz

120 W
cm 3 )/n*-type Si(n = 1020 cm 3 ) were used as L J',
the substrates. First, an n+-Si source region was 0.......................
formed by P+ ion implantation (50 keV, 1 X l0s 10 100 1000
cm- 2) and subsequent annealing (900 'C, 5 min). Frequency (MHz)
Then, grooves (1.0 pm deep with a 0.5 to 1.5 ptm Fig. 3. (a) Cross-sectional view of PBT. (b) Typical current-
width and spacing) were formed on the Si sub- voltage characteristics of PBT. (c) Typical high-frequency char-
strates by dry etching. Next, CoSi 2 electrodes (10 acteristics of PBT. The plan view of PBT is also shown.

i'5

tI
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3 x 3-B structure on a 5 X 5 Ge Sil_/Si(111) surface
and its electrical conduction
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and
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The electric activation efficiencies for an a-Si/B-3 x v3/Si( 11l) system were measured b'% Hall measurement. The result
strongly suggests that almost all boron atoms are activated at the a-Si/Si(l 11 interface because of V3 x si structure formation. A

y!3 x V3 -B structure was also found to be formed on a 5 x 5 Ge,SiI ,/Si(1 1I) surface on which Ga or SN atoms did not form any
superstructures. A Si epitaxial overlayer can be grown on the '3 x /-3-B/50 A Ge1 4Si.,/Si( 111) structure at a growth temperature
of 300 0 C. preserving a large fraction of the 3 x rl3-B structure due to strain compensation.

1. Introduction x 3 structure was different from the C3 x 43
structures formed by other group IlI elements.

When group iI metal atoms such as Al, Ga, or Akimoto et al. have reported that B- r, x r
In are deposited onto a clean Si(l11) 7 x 7 surface, structures can be preserved on Si( 11 ) after subse-
various superstructures appear [1-3]. It has been quent Si deposition [6]. Headrick et al. have re-
known that they show quite similar behavior on a ported that B occupies the S, subsurface site rather
Si(l11l) surface. However, few studies have been than the T, adatom site [7). The possibility of
reported for B/Si(III) systems because the low preserving a two-dimensional structure at a buried
vapor pressure of B makes it difficult to deposit B interface raises possibilities for new materials
with good controllability. We have previously re- which have, for example. high mobility at very low
porled that HBO 2 has a high vapor pressure and temperatures, where ion scattering is dominant.
is applicable for controlled B doping in Si-MBE In this paper. we report the electric activation
141. Using this B source, we have found that it also efficiencies for a-Si/B-r x × V/Si(11) and Si
torms a 0_ x V structure on a Si(ll1) surface epitaxial growth on a B-r X 3/Ge, Sit , s.ruc-
151. Recent studies have revealed that this B-Fi ture.

0022-0248/91/$03.50 P
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2. Experimental 15

Boron-containing interface structures were - Si(11)

formed on 100 mm diameter n-type (111) and
(100) Czochralski silicon wafers with 10-20 Q2 cm - .""S,000)
resistivity. Wafers were precleaned using a chem-
icai solution (NH 4OH: H 202: H 20 = 1: 6: 20) to
form a thin protective oxide layer. The wafers
were then loaded into MBE equipment (ANELVA U B- B10x

were -Si
MBE-430) in which the base pressure was 1.2 x 0 1
10- "' Torr. A thin amorphous silicon layer (10 A) I0Oi/ --. 0

was then formed on the oxide layer. The wafer
was preheated at 7800 C to evaporate the oxide 650 700 750 0

layer. This cleaning technique has previously been Substrate Temperatue CC)

reported elsewhere [8]. Boron was deposited in the Fig. 1. Sheet carrier concentration dependence on the substrate
temperature at which HBO, was deposited, for Sinl 11) (A) and

form of HBO, an accurately controllable doping Si(100) (E). Also indicated here are the AES peak height for

source for Si-MBE [4], using a Knudsen cell. The oxygen and the RHEED pattern, both of which were observed

boron deposition rate was 2.9 x 1012 atoms cm - 2  just after HBO,. deposition.

s '.which value was determined from the doping
concentration of Si-MBE growth layers by Hallmeasremnt nd ecodaryionmas spctrme- While the sheet carrier density for (100) stayedmeasurement and secondary ion mass spectrome-

try (SIMS). An a-Si layer was then deposited on essentially the same when temperatures were in-

this boron-deposited surface at room temperature. creased to over 7000C. that for (111) increased
The a-Si layer thickness was 100 ,A. Al electrodes drastically, from the level equivalent to the densitywere evaporated onto the a-Si layer after the sam- for (100) to the level approximately six timespie was taken out from the MBE chamber. The larger. Fig. 2 shows the sheet carrier concentration
sheet caer concentration was determined by Hall dependence on annealing temperature. The an-measurement using the Van der Pauw technique. nealing time at each temperature was 10 min.While the carrier concentration for Si( 11) did not

change with temperature. that for Si(100) began to

3. Results and discussion increase at 200 °C and reached the level of SiO 11)
at approximately 400'C. Robinson and co-

Fig. I shows, for a-Si/B/c-Si structures, the workers have reported that an a-Si overlayer on a

sheet carrier concentration dependence on the clean Si overlayer on a clean Si surface started to

substrate temperature at which HBO, was de-
posited. Also indicated here are the AES peak 4
height for oxygen and the RHEED pattern, both IE 3

oe p5o /Si(111) , 3x, 3
of which were observed just after HBO 2 deposi- ", . _
tion. Oxygen was detected when the substrate C
temperature was below 700' C. as previously re-
ported (4]. The surface structure did not change
and the RHEED patterns of Si(lll) and Si(100) B

remained 7 x 7 and 2 x 1, respectively. When 10
H BO was deposited at temperature above 700 0 C,o0 200 400 600

oxygen was not detected, and the RHEED pattern Annealng Temperature ("C)
of Si(I 11) changed from 7 X 7 to F3 ViJ. On the Fig. 2. Sheet carrier concentration dependence of a-Si,'B/c-Si
other hand. on Si(100) the RHEED pattern re- on annealing temperature in N, atmosphere. Annealing time at
mained 2 X 1 even at temperatures above 700 * C. each temperature was 10 min.

I-
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recrystallize at about 200 0 C [7]. For (100), then, B
may be considered to have been activated because
of such an a-Si overlayer-recrystallization occur- L 0.30
ring in the annealing process. The difference in
activation efficiency between (100) and (111)
strongly suggests that B is activated at the a-Si/
Si( 11) interface because of the v- x V structure 0
formation. M

On Si(lll) at substrate temperatures above
700 0 C. oxygen atoms are desorbed and B forms a
VT x V structure. The sheet carrier density is 0.5 1.0
sufficient because B atoms replace B-site Si atoms Gffanirn Fraction x

and are activated. In the case of Si(100), B atoms Fig. 3. Dependence on the substrate Ge concentration x of the
are considered to exist at the adatom sites. B atom critical B coverage, at which the 7 x 7 pattern disappears andare only the 1/ × If pattern is visible. (1 ML = 7.8 × 10'4 cm 2).

sites on the surface are not unique compared with -

the B, site on Si( 11) where B atoms occupy the
exact lattice sites. Thus. B atoms are not activated produced in the GeSi, , alloy surface. The in-
on Si(100) with a-Si overlayer fabrication, creased OB on the Ge, Si -, surface suggests that

The hole mobility was 5-30 cm2/V - s at room the compressive strain produced by the presence
temperature and there was little difference be- of Ge compensates for the tensile strain produced
tween Si(lll) and Si(100). At 77 K. sheet carrier by F3 x V3 -B formation. Stress compensation in
density decreased by about two orders. This was epitaxial Si films by simultaneous doping of a
probably because the holes move from the inter- counterbalancing atom has been reported by
face into the a-Si overlayer and were trapped at a several authors [9,101. In the case of B and Ge. it
deep level in the a-Si. Thus. to obtain the electrical has been reported that lattice defects in heavily B
conduction at the two-dimensional VT x VT inter- doped layers were reduced because the stress in
face. it is necessary to contain holes within the the heavily doped layer was compensated by the
VT x VT plane. Then. we tried the substantial presence of Ge [11]. The same mechanism may
preservation of the VT x 3-B structure beneath also be operating in the VT x VT-B case.
an epitaxial Si cap. This was achieved by the If the interface strain produced by B obstructs
deposition of B on a GeSi, , substrate. The the burial of the VT x V-3 structure at the inter-
V3 x V3-B structure was also formed on a 5 x 5 face between epitaxial layer and substrate, the
GeSil , surface. In the Si/V3 x V3-B/GeSi, -, V3 x Vr3 structure on the Ge, Si, , layer, with less
structure, the hetero-interface coincides with the strain than that on Si(11), should be better pre-
VT x VT two-dimensional plane. Thus, holes can served at the interface. Fig. 4 shows diffraction
be contained within the 73 x V3 plane by the profiles from samples of 100 k epitaxial Si/FV3
band bending formed at the hetero-interface. X VT3-B/50 A Ge0 4Sio0 /Si(Il) and 100 A epi-

Fig. 3 shows the dependence of the critical B taxial Si/3 x V3-B/Si(lll) structures. Diffrac-
coverage 0, on the Ge concentration x in the tion peaks were observed at the (-2/3, 4/3)
substrate layer. At this coverage the 7 x 7 pattern fractional reciprocal lattice points. The amount of
disappears and only the VT x VT pattern is visi- B coverage in each case was 0.3 ML, and an
ble. 0, is 0.1 monolayer (ML) (I ML = 7.8 x 1014 epitaxial overlayer was grown at 300'C. The
cm 1) when B atoms are deposited on the 7 x 7 RHEED pattern of each sample was 7 x 7, some-
Si(l I1) clean surface. what streaky and diffuse. The intensity of the

0. increases linearly with increasing Ge con- diffraction peak of VT x V3-B on Si(11) after
centration x in the substrate layer until x = 0.6, epitaxial overlayer growth at 300'C. We consid-
and saturates at 0.3 ML. As Ge atoms are about ered that the 3 x V3 structure between the Si
4% larger than Si atoms, compressive strain is epitaxial overlayer and Si(III) is destroyed be-

gI
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c-Si/B/Ge. 4S106'/SiI11) surface. A Si epitaxial overlayer can be grown on
50(-2/3 4/3) the V3 x F3 -B/50 A 0e. 4 Si 0 6 /SiWI 1) Structure50OF at a growth temperature of 300"C, preserving a

large fraction of the Ai Xr3- structure due to
strain compensation.
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Growth and properties of high T films in YsBa 2Cu 301-x perovskite
by molecular beam epitaxy

J. Kwo
A T& T Bell Laboratories. Murray Hill. New Jersey 07974, USA

fhin film synthesis of the high temperature superconductors in Y1Ba2Cu307 - perovskite has been successfully carried out by
the advanced molecular beam epitaxy technique. The development of an efficient activated oxygen source led to in-situ growth of
high quality films of Yi Ba iCu 307, - and Dy, Ba ,Cu O 7 - without high temperature annealing. Excellent superconducting properties
have been achieved: the T,. AT,, normal state resistivity p. and critical current density J, equal to the best records reported to date for
Y, Ba :Cu 07 - , films. This paper reviews in-situ MBE growth, structural and superconducting characteristics of the films. The results
of tunneling in planar junctions of Y, BaCu 30 - k/native barrier/Pb are also presented in the context of quasiparticle tunneling
and Josephson behavior.

1. Introduction ing MgO, SrTiO 3, and LaAIO3 . The growth tech-
niques are described, along with the design and

Recent discovery of high temperature super- operation of an activated oxygen source. Based on
conductivity in the layered perovskite oxides has in-situ observations by RHEED, a model is pro-
generated much interest in synthesizing high T posed for the growth mode of the perovskites.
superconducting films for both fundamental and Typical superconducting properties are the follow-
device research, Many experimental studies sug- ing: T(R = 0) = 92 K, AT(inductive) = 0.4 K.
gest that the occurrence of superconductivity is p(100 K) = 55 ,aS2 cm, and J,(77 K)= 4.5 X 106
directly connected with its layered, intergrowth A/cm-. Furthermore, tunneling studies on thin
structure. The molecular beam epitaxy (MBE) film junctions consisting of YBazCu "O - /native
technique is best known for its capabilities of low barrier/Pb indicated that the in-situ film surface
temperature and layer-by-layer growth, as has been exhibits quasiparticle tunneling characteristics
demonstrated successfully for semiconductor similar to etched bulk single crystal. Josephson
materials. It is therefore anticipated that the MBE behavior was observed for the first time in this
method is ideally suited for the thin film synthesis type of planar junctions.
of high T oxide superconductors. Furthermore, it
provides opportunities of fabricating artificial
oxide heterostructures or metastable phases 2. MBE growth aided with an activated oxygen
tailored on atomic scale. Studies of these syn- source
thetic. layered oxides may shed light on the theo-
retical mechanism responsible for high T super- Two basic req'iirements are demanded for the
conductivity, which, in turn, offer promise of pro- MBE growth of high T perovskites: namely, pre-
ducing even higher T materials. cise compositional control, and an efficient

The paper reviews our recent successful appli- activated oxygen source for oxidation [1-3]. In
cation of the molecular beam epitaxy method to ordinary MBE growth process, the first require-
produce high T YBa 2Cu0 7 -_, and DyBa 2Cu3  ment is met with relative ease. However, for our
07 thin films on a number of substrates includ- present research it remains as a challenging task

0022-0248/91/$03.50 "1991 - Elsevier Science Publishers B.V. (North-Holland)
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due to a large chemical unit cell containing multi- HEATER

pIe cation species. Discussions on this subject will [ t_

be given later in the section.
The necessity of activated oxygen species fol- CRYOPUMP

lows from the oxidation characteristics intrinsic of
the YtBa ,Cu 307_ compound. The thermody- oi

e- I e
namic phase diagram of oxygen partial pressure / 1
versus temperature determined for YtBa 2Cu 307 _ :6: --- CRYOPUMP

indicates that for a given oxidation state there Y B: Cu

exists at a given temperature a mirimal oxygen F

partial pressure below which that phase becomes Fig. 1. The design of an activated oxygen source using a fast

unstable [1121. For instance, at a growth tempera- flow tube reactor, and the internal system configuration.

ture of 650'C, the minimal oxygen pressure of
forming Y1 Ba 2Cu 306 is 6.0 x 10- 3 Torr. How flux near the substrates is estimated to be about
ever, the molecular flow regime generic to MBE 2 x 1016 species/s - cm 2.
requires that the mean free path be greater than Metal cations are evaporated from individual
typical source to substrate distance (- 20-40 cm), thermal sources using a combination of effusion
and such condition implies an operating pressure cells and e-beam evaporators. The coevaporation
less than 1 X 10-4 Torr. The abundance of method is used, and no shuttered growth is em-
activated oxygen species enables oxidations of the ployed thus far. The alkaline earths like Ba are
cation elements at an oxygen partial pressure of evaporated from effusion cells at - 600 ° C . The
several orders lower, while still sustaining the long flux detection and control of e-beam evaporation
free path necessary for MBE. are made by Inficon Sentinel monitors based on

The in-situ growth of oxides in our work was electron impact emission spectroscopy. While this
achieved by reacting metal flux with neutral method proved to be very successful for pure
oxygen radicals (primarily atomic oxygen and ex- metal depositions [71, the interference of the metal
cited molecular oxygen) at the substrates held at cation signal (especially for Y) with a large oxygen
an elevated temperature [3-6]. The design of our signal from the background pressure makes the
activated oxygen source is based on the concept of rate control of Y quite difficult. The deposition of
a down-stream plasma excited by microwave dis- Cu is less affected because its light emission oc-
charges contained in a fast flow reactor. Due to a curs at a different wavelength. An alternative solu-
distance 20 inch long between the discharge and tion is to use effusion cells to evaporate the rare
the substrates, it is essential to achieve a high flow earths as well as Cu. Recently, DyBa 2Cu 307,

rate exceeding 10 SCCM to minimize wall recom- thin films were produced by evaporating Dy from
binations. The initial design using a simple straight an effusion cell held at - 1150 0 C [8]. The Dy
tubing with a small hole near the end experienced flux was kept constant within 1% by regulating the
a loss of activated species by as much as 60% in cell temperature, and varied very little with the 0.
the flow path due to a low flow rate [3,41. The pressure. The precise compositional control is nec-

latest design shown in fig. 1 has succeeded to essary for producing a highly ordered supercon-
retain the activated oxygens by as high as 87% of ducting structure free of impurity phases.
those initially produced near the discharge [5,6]. A number of provisions were also made in the
Furthermore, the usage of a quartz ring containing construction of the sample manipulator to be
multiple holes allows uniform depositions over a compatible with a highly oxidizing environment.
1.0 inch diameter area. The pressure near the Refractory materials like molybdenum and tanta-
discharge is - 2 x 10-' Tort, and the oxygen lum were avoided because they are subject to
pressure near the substrates is low 10 -' Tort. The oxidation easily, and their oxides are highly vola-
overall chamber pressure during growth is main- tile at 650 * C. The substrate block material is now
tained at low 10 -' Tort. The activated oxygen replaced by nickel due to its less volatile oxide
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than Mo, and a better thermal conductor than producing a highly ordered, ti.omically smooth
other oxidation resistant materials like stainless film surface. Furthermore, the alignments of the
steel [9]. The heater is made of 0.020 inch rhenium in-plane axes of YBa,Cu O7., films with those
wire wound into a flower pattern. The substrate of the underlying substrates of MgO(100) and
temperature is measured by an infrared pyrome- SrTiO 3(100) are evidence for epitaxial growth.
ter. Consistent readings between the pyrometer The overall crystal structure was examined by
and the thermal-couple methods have been ob- X-ray diffraction (3]. Under present deposition
tained once the Ni block surface became oxidized conditions, growth on epitaxial substrates of (100)
after multiple depositions, orientation including MgO, SrTiO3, and LaAIO3

Good thermal contact between the substrates produces c-axis oriented Y1 Ba,Cu307-, films.
and the sample block is crucial for growing the There is little evidence for a-axis oriented grains.
perovskites due to poor thermal conductivity of Typical rocking curve of the (005) Bragg reflection
the substrate materials. Presently Ag pastes are is less than 0.30.
used to provide the thermal contact. The substrate The detailed growth mechanism of the oxides
temperature at which the best films were produced still remains an interesting subject of study. Re-
occurred in a range of 650-700'C. Following the cently, strong oscillations of the specular RHEED
deposition. the films were cooled to 200 0 C in an intensity during growth of several perovskites in-
oxygen pressure 4 times higher than during growth. cluding Y, BaCu 10 7 -, were observed by Terashi-
while keeping the plasma running continuously, ma et al using the reactive evaporation method

[101. Furthermore, one period of oscillation corre-
sponds to the height of one minimal unit cell
which satisfies charge neutrality. The result is

3. Structural properties shown in fig. 3. In contrast to the layer-by-layer
growth mode commonly known for metals or

Reflection high energy electron diffraction semiconductors, the growth of the perovskites i,
(RHEED) was used during growth to optimize the described by the unit-by-unit fashion. Presumably.
deposition conditions [3]. Sharp streaky pattern it is related to the strong character of the ionic
accompanied with Kikuchi arcs were generally bond of oxides. This observation has an important
seen. Typical diffraction patterns along azimuthal implication that the oxide growth occurs by the
[100] and [110] axes are shown in figs. 2a and 2b. formation of a 2D nuclei which is the minimum
This observation, in general, implies that the unit satisfying electrical neutrality. Moreover. it
growth takes place in a layer by layer mode, also suggests that within each growth unit the

Fig. 2. RHEED patterns along azimuthal (a) [1001 and (b) (1101 axes of a Y1Ba 2Cu O7 _, film 1000 thick grown on MgO(100).
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Fig. 3. (a) RHEED specular intensity as a function of the deposition time and (b) a proposed model for the Y1BaCuO film
growth, after Terashima et al. 110].

stacking sequence starts and ends with specific properties including T(R = 0), J., and normal
cation-oxide layers. state resitivity p. Depositions on a variety of sub-

strates including MgO(100), SrTiO3(100) , and
LaAIO 3(100) have produced comparably good re-

4. Superconducting properties suits, although the best superconducting transport
properties were usually found for SrTiO 3(100) of

MBE grown Y1Ba 2Cu370,and DyBaCu3  closest lattice match (- 1.0%) with Y, BaCu 307 -

0, films showed excellent superconducting [8]. In comparison, the very large lattice mismatch
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200 , 1 , Screening measurements on Dy1BaCu30-7,_

1000 A FILM films showed a sharp superconducting transitions
at 90 K, and a width less than 0.4 K [111. The

40 penetration depth derived from the screening mea-

(I 5osurement followed a temperature dependence of a
Sb) mean field BCS behavior with a T, of 90 K. It was

88 90 92 94 96 (a) also concluded that such behavior is true only for

> oo- good film qualities in the absence of cracks or
t: inhomogeneities [11]. The critical current densi-

u2ties, J, at 77 K in zero field were measured by the
50 (a) SrTri 3 (100) transport method. The typical values are 4.5 x 106

- (b) LaAI0 3 (00) and 2.0 x 106 A/cm2  
for SrTi03(100) and

(ci MgO (100) MgO(100), respectively. Our J, results equal to the

00 O ohighest record reported by other groups using

0o ldifferent growth techniques including reactive
0 100 200 300 evaporation, pulsed laser deposition. and inverted

T (K) cylindrical magnetron sputtering [12-14].
Fig. 4. Resistivity versus temperature for DyBa,CuO 7 , Thinner films generally show slightly poorer
films 1000 A thick grown on (a) SrTiO3(100). (b) LaAlO(100), superconducting transport properties due to the
and (c) MgO(100). The superconducting transitions in details lattice clamping effect and an increasing tendency

are plotted in the inset. of forming a tetragonal structure near the inter-
face. For instance, reducing the film thickness to

(-9%) between Y1Ba,CuO-, and MgO con- 500 A has led to an increase in the resitivity by
duces to a lower T onset by - 2 K, and a higher about 10%. The T( R = 0) decreases to 90.6 and
p(100 K) by - 10%. 88.5 K. for films grown on SrTiO, and MgO.

The temperature dependence of the normal state respectively. Continuing reduction of the film
resistivity for typical Dy1Ba.Cu 30_,, films 1000 thickness to below 100 A gives rise to substantially
A thick is shown in fig. 4 for three different broadened transitions, especially for films grown
substrates. The p versus T curves show a linear on MgO. For a 90 A Y Ba 2Cu O_ film on
temperature dependence above T, a common fea- MgO, the zero resistivity is not reached until 70 K
ture for current conductions along the Cu-Ox [6].
planes in the cuprates. The ratios of p(300
K)/p(100 K) in all three cases are 3.0, and the p
versus T curves extrapolate to zero resistivity at 5. Tunneling studies of planar junctions
T = 0. The detailed superconducting transition is
plotted in the inset for each substrate. Notable The high T perovskites exhibit dramatic varia-
difference in the shape of the transition was ob- tions in conductivities with minor variations in the
served. Specifically, the T(R = 0) is 92.3, 91, and cation compositions and oxygen stoichiometry.
90.5 K for films grown on SrTiO3, LaAIO3, and This unusual iroperty has offered new exciting
MgO. respectively. The 10%-90% transition widths possibilities of labricating novel electronic devices
are - 1.2 K for SrTiO 3, and LaAIO 3, and is only in configurations of S/I/S or S/N/S oxide het-
0.5 K for MgO. The value of normal state resistiv- erostructures. In comparison, such freedom in
ity p( 100 K) has been commonly used in the high materials choices for devices was not available for
T, field as a figure of merit to assess the materials traditional Josephson technology using low T, Nb
quality. Note that p(100 K) of the film grown on based superconductors. However, the progress to-
SrTiO 3 is as low as 55 jIQ cm, which equals to the ward fabricating all high T tunneling devices has
best value reported for bulk single crystals at been hampered due to the following difficulties.
present. First, the coherence lengths of the high T super-

Af
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I I faces and to obtain meaningful tunneling results,

Kin the first phase of study we focused the efforts
on a simpler junction configuration consisting of a
YBa 2Cu 30 7 _ , thin film, native barrier, and a low
T superconductor, Pb [151. Low leakage tunnel

8barriers were formed by native insulating oxides
of the in-situ grown Y1BaCu30 7 _, film surface

70K ,exposed to room air or annealed at 450'C for 10
2 0K min in 02. At the moment, the exact nature of the

,6 : -50K barrier is not clear, and still awaits further surface
8 ,chemical analysis. However. empirically, the junc-

30K tion resistance appears to correlate with the film
, resistivity, and varies from a few S2 to a few

15K hundred 2. Typical junction area in the planar

8K geometry is 0.3 mm X 0.5 mm.
The low leakage junctions formed with the na-

4.2K tive barriers warrant that the current conduction
across the junction is caused primarily by the
tunneling process. Reproducible current-voltage

0 00 5 . 5characteristics were observed, and are discussed in
150 100 50 0 -50 -100 -150 the following. As for the quasiparticle tunneling

VOLTAGE (my) characteristics, below the T(R = 0) of YBaCu3
Fig. 5. Quasiparticle tunneling data of dynamic resistance 07 -, a gap-like structure - 20 mV developed in
versus bias for a Y, BaCu1 O 7 , film/native barner/Pb junc- the tunneling conductance, with additional asym-

tion at different temperatures. metric modulations up to 50 mV. There is another

feature of at ± 4 mV appearing below 28 K. The
conductors are very short and highly anisotropic. data of dynamic resistance versus bias are shown
Secondly. the surface does not exhibit supercon- in fig. 5, and are in good agreement with the
ductivity consistent with the bulk of materials, etched bulk single crystal data [161.

In order to better characterize the S/I inter- In contrast to the BCS tunneling density of

Fig. 6. Current-voltage characteristics at low bias at 1.5 K for a junction of a resistance of 80 52 The x axis scale is 0.5 mV per large
division for (a) and (b). The y axis is (a) 10 AA and (b) 2 ftA.
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states of conventional superconductors, tunneling establishes an important criterion for theoretical
results of the high T cuprate of YtBa 2Cu30_, postulations of high temperature superconductiv-
showed reproducibly three unusual features: (1) a ity. Furthermore, it is also a major advance to-
weak, underdeveloped gap structure; (2) presence ward developing a Josephson technology based on
of finite states inside the gap persistent to low all high T superconductors.
temperature; (3) an asymmetric, linear normal
state conductance versus bias. Although many of
these features could be attributed to materials-re- Acknowledgements
lated imperfections near the surface, the repro-
ducibility and consistency of these recent data
suggest that the unusual properties could be in- The author would like to thank valuable col-
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Growth of superconducting Bi 2Sr 2Ca,. _Cu nO, thin films by atomically
layered epitaxy

J.N. Eckstein, I. Bozovic
Varian Research Center, Palo Alto, California 94303, USA

D.G. Schlom and J.S. Harris, Jr.
Department of Electrical Engineerin, Stanford Universits, Stanford, California 94305. USA

We have developed a technique for atomically layering crystallized films of Bi 2SrCa,, 1CuO,. in-situ, on SrTiO, suhstrates.
These compounds have a layered structure along the c-axis of the unit cell. To grow c-axis oriented films, atomic monolayers of the
constituent atoms were sequentially deposited on hot substrates by shuttering the fluxes from thermal effusion cells in such a way as
to build up the crystal structure of the film. Various stable and metastable phases were grown in this way. along with atomically
precise supertattice structures. Oxidation of the films was accomplished during growth using a beam of ozone. The films were
superconducting as grown, with complete resistive transitions as high as 86 K. Moreover, reflection high energy electron diffraction
(RHEED) patterns observed during growth, as well as post growth analysis by X-ray diffraction (XRD) and high resolution scanning
electron micrography indicate the films to be single crystal and heteroepitaxial.

High temperature superconductors comprise, by growth system consists of an ultra-high vacuum
now, a large set of complex layered compounds. chamber that has a base pressure of 1.0 x 10-
In many cases the superconducting properties of Torr and contains thermal effusion cells equipped
the material depends intimately on details of the with beam shutters for the controlled, sequential
crystallographic layering, such as in the low and evaporation of individual elements. Prior to
high T phases of the Bi and TI families of corn- growth, the beam flux from each metal source was
pounds. It is of interest, therefore, for practical measured individually using an ionization gauge,
reasons to develop techniques of synthesis that and the measured beam flux was used to correct
allow specific layerings to be accomplished. Be- for long term drift in the sources. Overall beam
sides approaches derived from molecular beam flux calibration was accomplished by means of
epitaxy [1-3], techniques relying on both sputter- Rutherford back scattering analysis of test films.
ing [41 and laser ablation (5] have been developed To atomically layer the growing crystal film.
incorporatirg kinetic control during growth. Here the beams from the metal sources were sequen-
we describe progress in atomically layering epi- tially turned on and off by means of a set of
taxial films of metastable phases and superlattice computer controlled shutters. The shuttering times
structures in the Bi family of compounds. The were chosen to deposit individual monolayers of
resulting thin films are single crystal in nature and each element, one at a time, thereby synthetically
have superconducting transitions as grown of 86 structuring the film. For example, during the
K. growth of the 2223 phase films the sequence used

The films described here were fabricated using for each unit cell grown was -Bi-Bi-Sr-Cu-Ca-
a technique developed for growing synthetically Cu-Ca-Cu-Sr- where each elemental symbol
structured epitaxial superconducting films [1]. The represents an integrated flux burst of one mono-

0022.0248/91/$03.SOi 1991 - Elsevier Science Publishers H.V. (North-Holland)



I"

974 IN. Eckstein et at. / Growth of superconducting Bi,SrCa, _ CuO thin films by ALE

layer or about 6.9 x 1014 atoms Cm- 2 . Typically,
the whole sequence was repeated 15 to 50 times to
grow films 300 to 1000 A thick.

To oxidize the growing crystal structure a beam
of ozone-enriched oxygen from a discharge gener-
ator/ silica gel cold-trap separator system was used
[6]. We estimate the ozone fraction of the beam
flux to have been greater than 30% based on
measurements wi t ', a remote quadrupole mass
spectrometer.

The growths discussed here were carried out on
(100) SrTiO3 substrates at temperatures ranging
between 650 and 750°C. The substrates were
thermally cleaned in-situ to about 750'C in the
presence of an ozone flux, and exhibited streaky
reflection high energy electron diffraction
(RH EED) patterns characteristic of a single crystal
surface. Typical growth rates used were 500-1000
A/h. During growth, the crystal surface was
monitored by RHEED. When good calibration
was achieved, at specific layer stoichiometries a
diffraction pattern characteristic of a single-crystal
surface was observed. An example of such a pat- Fig. 1. RHEED pattern observed along a substrate (110)
tern observed during the growth of a 2223 phase direction during growth of Bi 2Sr,Ca 2Cu30, thin film on SrTiO3

substrate. The streak spacings indicate that the film [1001 andfilm is shown in fig. 1: the electron beam was

incident along the SrTiO M110> direction. This 1010] directions are parallel to the substrate (110) directions.

RHEED pattern is similar to that observed during
the growth of Bi,(SrCa),Cu20, [41. The most
intense lines are due to a surface periodicity of and 108 cm- 2. Thus, we suggest the field region to
about 2.7 A. The fainter lines halfway in between be a single crystal, heteroepitaxial film.
them indicate the a- or b-axis lattice constant of During growth the RHEED patterns evolved in
about 5.4 A. Thus the film [1001 and [0101 direc- a complex manner reflecting the nature of the
tions are parallel to the substrate (110) direction. instantaneous surface chemistry occurring. In par-
Surrounding the more intense streaks are satellite ticular, after growth of the bismuth layers in each
streaks that are characteristic of an in-plane struc- unit cell atomically smooth surfaces were ob-
ture of about 25 to 30 A, presumably due to the served, as indicated by the RHEED pattern shown
incommensurate b-axis structure modulation. As here. We have also observed a similar behavior
many as six satellite streaks around each main during the growth of 2201. 2212, and 2234 phases.
streak have been observed. The linewidth of the The highest resistive transition in a 2223 film.
satellite pattern, comparable to the RHEED lin- directly from the chamber, was 86 K. full zero.
ewidths of the single crystal SrTiO 3 substrate it- Fig. 2 shows a typical resistive transition from a
self. indicates an in-plane crystallographic coher- sample from tl-.e same growth that exhibits a T.( R
ence length of at least 200 A. Post growth analysis = 0) of 84 K. This film was cooled from 725 * C in
with high resolution scanning electron microscopy an oxygen/ozone flow approximately 20 times
with resolution down to about a hundred that used during growth. The transition seen here
Angstrt5ms has shown the films to consist of a is broad, starting above 100 K. Just above the
featureless field region, in which are embedded superconducting transition, the film had a resistiv-
isolated, small defects with densities between 10 ity of about 100 It2 cm.
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Besides stabilizing the growth of metastable
phases in the BiSrCaCuO system, atomic layer

Cepitaxy is also capable of growing completely syn-

o thetic structures. As an example of this, super-
lattices consisting of different phases from the
BiSrCaCuO system have been grown. In these

CC experiments, the composition of each supercon-
ducting molecular layer is alternated. This is also

0 100 200 easily achieved using the computer-controlled
Temperature (K) shuttering capability of the growth system. Growth

Fig. 2. Resistivity versus temperature for an in-situ grown conditions were similar to those described above
Bi Sr,Ca,CuO, film showing a critical temperature of 84 K. when single phase films were grown. In such a

regular structure consisting of alternating unit cells
that are similar in their atomic arrangement, half
of the XRD peaks that otherwise would be seen

The crystallographic properties of the films were from the extended unit cell are approximately
also characterized by X-ray diffraction (XRD)
measurements. The 2223 film can be indexed to a
c-axis lattice constant of 37.2 ,, in good agree-
ment with the range of measured values. Other
scans sensitive to the in-plane structure show the
film to be completely epitaxially aligned to the
substrate. There is no evidence of 2223 phase 2201
growth with any other orientation. When the c-axis 0010

is aligned normal, the widths of the individual film 0012 006

peaks can be used as a measure of the regularity 0010 1

of the atomic layering throughout the film thick- -
ness. The linewidths of the 002 and 00T0 peaks 01 2212
indicate coherent Bragg scattering of the incident C
X-rays from the entire film thickness, which dem- 0 GTO

onstrates the ability of atomically layered epitaxy 2oo
to artificially synthesize the crystallographic struc- 002 0014 2223
ture of the film. ,oo 00

Other layerings of bismuth containing super- . ' .
conducting compounds are known to exist. - 0i
Specifically, compounds with m CuO 2 layers, hav- 0 0

14 2234
ing chemical composition BiSr2Ca,,_ Cu,,,O , . 0010 0016 0024 00

form a sequence that differ little in internal en- tZ"-.- l -

ergy. Single phase films are thus hard to obtain o old

using equilibrium synthesis techniques. With 001a 2245
atomically layered growth, however, single phase 0012 o o 0030

samples can easily be grown by utilizing the inher- 002 0032

ent kinetic control of the sequenced growth pro- L I I I I I
cess. Fig. 3 shows XRD pattern aligned close to 0 20 40 60

the substrate (001) for five different films. Here 20 (degrees)

compounds containing between one and five CuO2  Fig. 3. X-ray diffraction patterns obtained from five different

layers were grown as evidenced by the single phase growths in which compounds containing from one to five

XRD patterns observed. CuO 2 layers per unit cell were grown.

i a
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a
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020 40 60

20) idegrees)

Fig. 4. X-ray diffraction pattern of superlattice consisting of alternating unit cells of the 2212 and 2223 compounds.

suppressed by symmetry. Fig. 4 shows an XRD 2223 unit cells. Here, the approximate symmetry is
pattern of a superlattice consisting of alternating not as strong as it is in the previous superlattice
2212 and 2223 unit cells. In the region of the 00iOO discussed, due to the larger difference between the
reflections, the even peaks are suppressed and the structure factors of the constituent unit cells, espe-
odd peaks appear much higher, while at lower and cially at low angles. Therefore the suppression of
higher angles the opposite is true. the odd order peak at low angles is not as strong.

T"o demonstrate that the c-axis lattice constant A strong 001 peak was found and demonstrates
is in fact due to the regular ordering of an artifi- conclusively that the modulated structure grew as
cial structure and not due to a random mixture of a regular, atorucally layered superlattice. This can
the two unit cells, a careful low angle scan was be viewed as a new compound with the extended
performed to look for the 001 peak. In a dis- c-axis unit cell.
ordered system such as described by Hendricks In summary, single crystal films of Bi-Sr-Ca-
and Teller 171, no low angle peak would be seen. Cu-O superconductors can be heteroepitaxially
Fig. 5 shows such a low angle scan of a super- grown, in situ, by atomically layering, using ozone
lattice consisting of alternating layers of 2201 and as a source of reactive oxygen. Such films have

,,,,~mm ~oil ~araa a ml i
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i layer by layer superlattices of different com-
pounds, can be synthesized.

This project has been supported by ONR andI 8 DARPA through contract N00014-88-C-0760.
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MBE growth of ferromagnetic metastable epitaxial MnAl thin films on
AlAs/GaAs heterostructures

J.P. Harbison, T. Sands, R. Ramesh, L.T. Florez, B.J. Wilkens and V.G. Keratnidas
Bellcore. Red Bank, New Jersey 07701-7040, USA

Epitaxial ferromagnetic films of T-MnAI in thickness from 3 to 60 nm have been successfully grown on AlAs/GaAs heterostruc-
tures using the molecular beam epitaxy (MBE) growth technique. This magnetic phase is a non-equilibrium metastable structure.
stabilized in part by its close epitaxial registry with the underlying lll-V semiconductor. The growth window is very narrow due to
the metastability of the ir-phase. Growth has been achieved through the use of predeposited MnAl template layers of 1-3 bilayers.
which effectively separate the nucleation and growth steps. Template formation and subsequent metal growth are monitored by
reflection high energy electron diffraction (RHEED). RHEED has also been used to monitor preliminary attempts at Ill-V
semiconductor overgrowth on the magnetic MnAI films. The data indicate that the overgrowth proceeds in a three-dimensional island
growth mode of single crystal Ill-V semiconductor.

Recent advances in the field of heteroepitaxy intimate heteroepitaxial coupling between the
have provided us with the ability to integrate magnetic film and underlying semiconductor de-
dissimilar materials with markedly differing prop- vice structures, a perpendicular moment pointing
erties together within monolithic monocrystalline either into or out of the semiconductor is the
heterostructures. One particularly exciting possi- desirable configuration. An important goal. there-
bility which couples two technologically very im- fore, in the growth of magnetic films on semicon-
portant classes of materials is that of magnetic ductors is to establish a strong enough magnetic
materials grown epitaxially on underlying semi- anisotropy so as to bring the magnetization out of
conductor structures. For magnetic materials the shape-anisotropy-dictated in-plane direction
which have a relatively isotropic magnetization and into the perpendicular configuration.
energy, the shape anisotropy imposed by the large We have recently reported work involving the
aspect ratio of a thin film dictates that the mag- growth of MnAI/AIAs/GaAs heterostructures [2].
netic moment lie in the plane of the film. This is The work is an outgrowth of our earlier work on
found to be the case in much of the work done NiAI/AIAs/GaAs and CoAl/AlAs/GaAs het-
over the last decade on elemental ferromagnetic erostructures [3]. Whereas the cubic NiA! and
metals on Ill-V compounds (e.g., Fe on GaAs) CoAl materials are nonmagnetic, the tetragonal
[1]. However, for magnetic storage applications, r-MnAI material is ferromagnetic possessing a
the highest storage density can be achieved with strong magnetocrystalline anisotropy favoring the
the magnetization direction perpendicular to the magnetic moment lying along the c-axis. A
film. Furthermore, magnetooptic storage or summary of its structure and key magnetic prop-
switching applications require the material's mag- erties is shown in fig. I in comparison with two
netic moment to be along the direction of light elemental magnetic elements, Fe and Co, which
propagation. Since in many such applications the have also been grown epitaxially on GaAs [1].
optical beam comes in perpendicular to the surface Though its saturation magnetization is less than
of the material, perpendicular magnetization is that of Fe and Co, it is preferable to them in two
again preferred. And finally, to fully exploit the respects, Its Curie temperature is closer to room
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Magnetic Metal Fe Co MnAI

Saturation Magnetization, Ms (Gauss) 21,580 17,900 6200

Curie Temperature, Tc CC) 770 1131 380

Anisotropy Field, HA (Qersted) 557 5,750 40,000

Easy Magnetization Direction (100) c-axis c-axis

a 4

Structure

fcc hcp tetragonal

Fig. L A comparison of the structure and magnetic properties of three ferromagnetic materials which have been grown epitaxially on

GaAs using MBE.

temperature, making it more appropriate, for ex- Though T-MnAI is only metastable, it has been
ample, for thermal write/erase applications. More prepared previously both in the bulk by quenching
importantly, it has a distinctly higher magneto- [41 and in thin film form by sputtering onto glass
crystalline anisotropy as indicated by its high ani- substrates [5], neither of which result in mono-
sotropy field. crystalline growth or even in a predominance of

The crystal structure of T-MnAI, also shown in c-axis orientation along any given direction. It is
fig. 1, is a tetragonaly distorted version of the to achieve this highly desirable directionality that
CsC1 structure of NiAI and CoAl which we have we have chosen epitaxial growth by molecular
previously grown within III-V semiconductor/ beam epitaxy (MBE). The entire deposition takes
metal heterostructures [3]. Since its chemistry is place in a single growth chamber of a Riber MBE
expected to be similar to those materials, it should 1000 growth system. The Mn source is a standard
be relatively stable in contact with III-V com- resistively-heated effusion cell with a pyrolytic
pounds in general, and AlAs in particular. This graphite crucible, chosen to minimize reactions
makes it a better candidate for elevated tempera- with the Mn (all other effusion cell sources used
ture metal growth and semiconductor overgrowth, employed pyrolytic boron nitride crucibles). The
In addition, its pronounced tetragonality (co/ao = cell was heated to 900-950°C to provide a MnAI
1.278) and favorable lattice constant (a 0 = 0.277 deposition rate of - 0.1 1 m/h, and though there
nm is within 2% of a/2 of GaAs and AlAs) give it seem to be no catastrophic reaction problems be-
a strong tendency to orient with its c-axis, and tween the Mn and the graphite crucible, the CO
hence its strong magnetic direction, perpendicular quadrupole mass analyzer peak rises significantly
to the (100) semiconductor substrate, the desired when the Mn cl is up to temperature, with the
orientation discussed above. Equally important, background chamber pressure rising from the low
this close epitaxial relationship may assist in 10-10 Torr range to the low 10 - Torr range. This
stabilizing this tetragonal ferromagnetic r-phase is not expected to have effects on the metal de-
which is only metastable in the bulk 121. This position, but as a precaution, the Mn cell is idled
metastability issue, as it relates to the thin film at a much lower 400*C during all semiconductor
growth of the material, will be discussed further deposition, where it seems to have no appreciable
below. effect. The monocrystalline semiconductor sub-
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strates consist of a bulk (100) GaAs wafer on occur is greater in the lower end of the growth
which a buffer layer of 0.5 Am or more of GaAs temperature window, and hence only thin layers
plus a thin (typically 10 nm) AlAs epitaxial layer of the 7-phase can be grown at these temperatures
are first deposited under normal arsenic-stabilized before equilibrium phases take over. Hence, in
growth conditions at 580'C. The presence of an order to grow thicker metastable films, the sub-
adjacent semiconductor layer sharing the same strate temperature must be higher, further narrow-
group III element, Al, with the MnAl minimizes ing the growth window. Specifically, while films
any driving force for interfacial reactions. The only a few nm thick can be grown at the lower
growth of the GaAs/AlAs epitaxial layers is fol- 180'C limit, films with thicknesses of 60 nm can
lowed by a pause on the order of 1-2 h during only be achieved near the upper limit of 260°C.
which time the arsenic cell is turned off and Films thicker than 60 nm would require even
allowed to cool and the substrate temperature is higher substrate temperatures to avoid the above
dropped to the desired value for metal growth mentioned defects throughout, but this would

The issues surrounding the growth of a phase mean exceeding the upper temperature limit where
which is only metastable are rather complex. Our equilibrium phases can form. Of course the exact
findings for the case of MnAI may well serve as a numbers depend on variables such as exact film
guide for the growth of other metastable materials. composition and starting template perfection,
The choice of substrate temperature is critical. neither of which we have yet systematically ex-
Below the low temperature limit, we find plored. The qualitative trend of the effective
amorphous metal growth, as the kinetics are too growth window narrowing with increasing film
sluggish, preventing even the fraction of a nano- thickness, however, is expected to remain the same
meter atom movements required to form the lower under any set of initial conditions.
energy crystalline phases. As one would expect, A second issue related to the question of opti-
too high a temperature allows equilibrium phases mum substrate temperature is the issue of initial
to form, as the barriers separating them from the nucleation of the metastable phase. The lowered
desired metastable phase become kinetically interface energy resulting from a c-axis aligned
surmountable. For the case of *--MnAI, these low r-phase on the AlAs is expected to favor the initial
and high temperature limits are remarkably close nucleation of -- MnAI, as discussed above. How-
together, lying at about 180 and 260*C respec- ever, here kinetics are also expected to play an
tively. In most cases, the temperature values re- important role, and it is not obvious from the
ported have been derived from thermocouple read- outset that the optimum growth temperature will
ings, linearly adjusted to two fixed points: the be the same as the optimum nucleation tempera-
observed melting point of the indium solder hold- ture. If one simply begins growth abruptly by
ing the wafer to the heated Mo block, and the co-depositing Mn and Al directly on AlAs, the
initial desorption temperature of the surface oxide two stages of nucleation and growth are interre-
from the starting GaAs wafer observed by lated, and a compromise substrate temperature
RHEED. These two fixed points are 156 and must be sought. One way around this is the use of
580*C respectively, a starting template. In our previous work on het-

This rather narrow growth window, - 80' C, is erostructures of NiAI and CoAl we have found
found to narrow even further with subsequent that the predeposition of a thin template layer is
growth. We attribute this to the fact that once essential in nucleating a single crystallographic
properly nucleated, as discussed below, the --phase variant [2,6]. Fullowing a similar approach, a few
continues to grow until a growth defect is formed atomic layers of Mn and Al are first deposited at a
which serves as a nucleation point for one of the low temperature. This predeposit is then heated
competing equilibrium phases. Once a competing slowly while watching the reflection high energy
phase is nucleated, it will continue to grow until it electron diffraction (RHEED) pattern to ascertain
eventually takes over completely from the less the precise point at which a good c-axis 7-phase
stable r-phase. The rate at which such defects template is formed. Once the template forms, the
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[011 I azI muth [0101 AIAS aZimuth position takes place (fig. 2b). The kinetics of con-
verting such a "thick" amorphous layer to a crys-

(talline T-phase template are too sluggish for them-phase to preferentially nucleate alone. By the
time the atoms are mobile enough at 250'C to
crystallize the film, the equilibrium phases have
already preferentially nucleated (fig. 2c). Once they
nucleate, they dominate and subsequent r-phase
growth becomes impossible.

The case of "thin" predeposits favors the
amorphous-to-crystalline conversion taking place
at a lower temperature thus favoring the forma-
tion of the -phase. Such a sequence as docu-
mented by RHEED is shown in fig. 3. In this case.
an amorphous predeposit of 2 bilayers is used. It

is amorphous even after only a single bilayer is
depositedlas shown in fig. 3b. The lack of any

(C (strong AlAs pattern at this point is strong evi-
dence for complete surface coverage at this low
substrate temperature (0°C). even for a single unit
cell of deposition. Once the 2 bilayers have been
deposited, the substrate temperature is gradually
increased, and by 200'C the properly oriented
i--phase template pattern appears, as seen in figs.

Fig. 2. RHEED sequence illustrating the formation of an 3C and 3date two appers. sseen inf !

equilibrium phase template instead of the desired r-MnAl 3c and 3d along two azimuths. Subsequent MnAI
from a 5 bilayer template predeposition which is too thick. (a) deposition on this template, shown on the bottom
c(4 x 4) AlAs surface; (b) 5 bilayers MnAI predeposited, T, b = three panels of this figure, shows that under these
170°C. layer amorphous; (c), (d) heated to 250C to crystallize growth conditions, pure i-phase is present for a
mixture of 7 plus equilibrium phases (equilibrium phases take thickness as high as 6.5 nm (fig. 3e). By the time

over during subsequent growth). 16 nm are grown, equilibrium phases appear and

soon begin to take over (figs. 3f and 3g). In
substrate temperature can be changed to a differ- exploring a series of template sequences we have
ent optimum growth temperature, at which point found that all sequences involving 1. 2 or 3 bi-
continuous co-deposition of Mn and Al can corn- layers can result in proper r-phase templates.
mence. Thus the template method is used here to In another series of experiments we have ex-
decouple the nucleation from the growth and make plored forming the initial amorphous predeposit
possible the growth of the metastable phase. as a layered sequence of alternating Mn and Al

In order to explore further the problem of monolayers. The motivating idea was that the
initial nucleation, we have grown a series of tern- alternating layer structure of the c-axis T-MnAl
plates which can be grouped into two categories, could already be in place in the amorphous start-
"thick" and "thin". The former consists of any- ing deposit. There is some evidence that such a
thing thicker than a few bilayers where one bilayer sequence indeed leads to the i--phase formation at
is defined here as the number of Al and Mn atoms a slightly lower temperature. What is perhaps a
in one complete tetragonal unit cell (see fig. 1). A more important factor, however, in determining
RHEED sequence using such a thick template, the i-phase onset temperature, which varies be-
consisting of 5 bilayers, is shown in fig. 2. The tween 100 and 250°C, is the exact stoichiometry
initial AlAs starting surface (fig. 2a) is completely of the MnAI film. The absolute control of film
covered with an amorphous layer once the prede- stoichiometry is very difficult. The "ideal" con-

L :
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[011] AlAs azimuth [0101 AlAs azimuth regions. The precise understanding of these effects
must await a more thorough experimental ex-

(a) amination. Nevertheless, the layers formed in the

manner described above are indeed the ferromag-
netic r-MnAI phase with the proper perpendicular
c-axis orientation, as we have shown previously
with both X-ray and magneto-transport measure-
ments [2,7).

(b) As a final demonstration of the flexibility
achieved by growing the magnetic phase epitaxi-

ally on the underlying AlAs/GaAs substrate, we
have attempted to perform single crystal semicon-
ductor overgrowth over the -MnA to form an
embedded ferromagnetic metal layer. The MnAI/

(C) AlAs film couple is expected to be reasonably
stable, even at the elevated temperatures needed
for overgrowth. Fig. 4 shows the RHEED se-
quence as overgrowth proceeds on a starting 7 nm
-MnA surface (fig. 4a). In the overgrowth se-

quence we have previously optimized for III-V

(e)overgrowth on NiA 12,6, the metal surface is
intermittently pulsed with single monolayers of

Al, at a rate of about I monolayer/mmn. while the
As cell temperature is raised. This approach pre-

vents formation of multivariant NiAs and be-
comes the starting AlAs template. The technique~also works here in the MnAI case. An AlAs-like

MRHEED pattern is already forming upon heating
and exposure to As (fig. 4b), indicating that the
stability requirement seems to be satisfied. The
complication arises in the growth mode of the
subsequently overgrown GaAs/AlAs material. A

Fig. 3. RHEED sequence of a good T-MnAl template on AlAs spotty RHEED pattern, indicative of 3D island

using a 2 bilayer predeposited template. Growth on the tern- growth, can be seen from the very beginning (fig.

plate begins r-phase and eventually becomes an equilibrium 4c). This persists well beyond 100 nm of growth.
phase mixture. (a) c(4x4) AlAs surface: (b) I bilayer MnAI These observations are similar to the wetting prob-
predeposited at Tb - 0* C, the layer is amorphous' (c). (d) 2 lems associated with GaAs overgrowth on ErAs
bilayers MnAI predeposited at 0

0 C and annealed to - 200'C. [3]. In that case 3D island growth is attributed to
phase has formed; (e) 6.5 mn T-MnAI grown at 200'C; (f) t

(g) 16 nm T-MnAI grown at 200'C, equilibrium phases present. the relatively low surface energy of the exposed
ErAs layer. Based on that similarity, we presume
that the island-like overgrowth observed here is
due to the fact that the surface energy of T-MnAl

centration in bulk r-MnAI is 54 at% Mn. Since we is lower than that of NiAI and CoAl which do not
are using a non-rotating substrate, unavoidable exhibit severe islanding overgrowth problems.
composition gradients occur across the wafer. By These findings are of course only preliminary. A
spatially probing with RHEED we have de- more complete experimental study of the over-
termined that the relatively more Al-rich regions growth is needed to understand and discover ways
convert to r-phase earlier than the more Mn-rich around this problem.
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[011] AlAs azimuth In summary. epitaxial ferromagnetic films of
metastable r-MnAI have been successfully grown
by MBE on AlAs/GaAs heterostructures. Meta-
stability and the problems resulting from the asso-
ciated narrow growth window have been addre-
ssed by utilizing a template approach, thus sep-
arating the nucleation and subsequent growth parts
of the problem. Initial attempts at semiconductor
overgrowth result in a 3D island type growth
mode. Nevertheless, preliminary indications are
that the two materials are stable in contact with
one another even at the elevated temperatures
required to grow ferromagnetic layers epitaxially
in III-V heterostructures.
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MBE growth and properties of Fe3(A1,Si) on GaAs(100)

M. Hong, H.S. Chen, J. Kwo, A.R. Kortan, J.P. Mannaerts, B.E. Weir and L.C. Feldman

4 T & T Bell Laboratories Murray Hill. New Jersey 07974, USA

We report a successful epitaxial growth of an intermetallic compound Fe3(AISi) on GaAs(100). Fe3(AISi) has a BiF 3 (1 3 )

structure with a lattice constant which can be adjusted to achieve a perfect lattice match with GaAs(100) face by tuning the relative
concentration of Al to Si. The crystal growth was carried out in an MBE system consisting of dual gro. ,i cha'mbers, one for III-V
compound semiconductors and the other for growing metals or group IV like Si. Sharp, elongated strea mre observed in the
reflection high energy electron diffraction (RHEED) pattern after the deposition of one monolayer (ML) of Fe3(AISi). indicating the
attainment of an atomically smooth surface. The streaky RHEED pattern sharpened further until a 34 A (12 MLs) thickness was
reached, and retained similar quality in thicker films. The crystal structure of the films was also characterized by high-resolution
X-ray diffraction and Rutherford backscattering/channeling analysis. A rocking curve as narrow as 0.030 full width half maximum
along (400) Bragg reflection was obtained for an Fe2.9(Alo.4 Sio 7) film 1000 A thick.

I. Introduction has a cubic CsCI (B2) crystal structure, which
includes NiAI, CoAl, FeAI, CoGa, NiGa, etc. [4].

Epitaxial metal-semiconductor heterostruc- Their lattice parameters are usually 1-3% larger
tures continue to receive much attention due to than one half the lattice constant of GaAs. Rare
interest in the studies of fundamental physics such earth (RE) monopnicides belong to the second
as Schottky barrier formation, as well as potential group with a NaCI (B1) structure. The members
applications for electronic and optoelectronic de- include ErAs, LuAs, YbAs, Er(P,As), and
vices. Notable examples for applications are (Sc,Er)As [5]. Their lattice constants are closely
monolithic vertical integration in microelectronics, matched to that of GaAs.
hot-electron high-speed devices, and metallic Interesting results on crystal growth and electri-
quantum well devices. Recent efforts have also cal transport using the first group of materials on
been extended to the area of epitaxial magnetic GaAs/AlAs have been reported. The quality of
films and their integration with semiconductors, the materials may be further improved if lattice

Many metallic elements and intermetallic com- parameters of the metallic compounds can be made
pounds have been shown to grow epitaxially on closer to that of GaAs or AlAs. One approach of
GaAs. Examples for the former are Al [1], Ag [21, fine tuning the lattice constant is to insert a third
and Fe [3]. All these elements have large lattice element rather than exhausting the possibilities in
mismatches with GaAs. Moreover, their interfaces binary systems.
with GaAs are thermodynamically unstable. Our study along this direction has led to iden-
Growth or post anneal at modest temperatures tify an Fe-Al-Si system in the crystal structure of
has led to interdiffusion and formation of some BiF 3(DO3 ) [6]. This material system fulfills the
compound phases. necessary structural and thermodynamical re-

As for the growth of intermetallic compounds quirements: (1) a material has a lattice constant
on GaAs or its related Ill-V compound semicon- close to that of GaAs, (2) compositions of Al and
ductors, two notable groups have been found to Si can be adjusted to achieve a perfect lattice
form stable interfaces in good lattice matches with match with GaAs, and (3) a material is thermody-
the compound semiconductors: The first group namically stable with GaAs at a typical growth
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temperature range, i.e. - 500' C, and has a high growth rates of these three elements were further
melting point about 1500°C. In this paper, we calibrated by a quartz crystal monitor located at
report the epitaxial growth of Fe3(AI,Si) on the substrate position before the deposition. The
GaAs(100) by molecular beam epitaxy (MBE), quartz monitor was retracted during the growth in
along with its structural properties. The electrical order to avoid interference with the film deposi-
and magnetic properties will be published tion. The deposition rate for Fe3A1 or Fe3(AISi)
elsewhere. was 0.5 A/s. The compositions and thickness of

the Fe3(AI,Si) films are also measured by Ruther-
ford backscattering spectrometry (RBS). The re-

2. Experimental suits were then fed back to the rate calibration.
In-situ reflection high energy electron diffraction

The crystal growth was carried out in a multi- (RHEED) was used to study both the III-V and
chamber MBE system in which one chamber with the Fe 3(AI,Si) growth.
solid sources is used to grow III-V (GaAs, Al- High resolution X-ray diffraction was used for
GaAs, InGaAs) materials and another chamber structural characterizations of the Fe3(AISi) films.
equipped with two electron guns and four effusion These measurements were made on a 12 kW rotat-
cells is used to grow metals and group IV materi- ing anode source equipped with a triple-crystal
als like Si. In the second chamber for metal growth, four-circle diffractometer. A pair of flat Ge(111)
no As chunk has ever been evaporated. This would, crystals used as monochromator and analyzer has
therefore, remove the possibility of As-contamina- provided a longitudinal resolution of 10 -4 A- at
tion in the metal films, which is usually a primary Cu Ka radiation. The triple-crystal four-axes
concern if the metal films are prepared in the geometry allows for scans to be made in any
same growth chamber of As-based III-V materi- direction in reciprocal space, and in particular. is
als. capable of separating , from 20. thereby reveal-

The growth sequence began with a standard ing the true mosaic of the samples. RBS/channel-
GaAs buffer layer 0.5 /tm thick on GaAs(100) ing analysis was performed using a 1.8 MeV 4 He+
wafers. The growth temperatures were at 580- beam with detection at both normal and grazing
600'C. The samples were cooled in the III-V exit angle.
chamber to 250-300'C within 15 min and then
transferred to the second growth chamber through
several connecting chambers over a period of 5-10 3. Results and discussion
min. The vacuum of these connecting chambers
was kept at I x 10- 10 Torr. Once the samples Fe3(AI, Si) has a D0 3(BiFe3) structure, in which
were in the second chamber, they were heated up Al and Si share the same lattice site and are 100%
to - 550*C to remove excess As to obtain a fully miscible with each other on that site. There-
Ga-stablized or an As-stalized surface. The sub- fore, the lattice constants vary continuously from
strate temperatures were then lowered to 300- 5.64 A (Fe3Si) to 5.74 A (Fe3Al). Among them.
450'C for the growth of Fe1 (AI,Si). Fe3(A10.1.Si 0.87) has a 0% lattice mismatch with

Fe and Si were evaporated from electron beam GaAs(100). Interestingly, the Fe-Al-Si with a
sources, and Al from an effusion cell. The composition close to Fe,.95(AI0 36Si0.9). called
evaporation rates of Fe and Si were controlled by Sendust, has unusually high magnetic permeabili-
Inficon Sentinel rate monitors based on electron ties [7].
impact emission spectroscopy (EIES). For Fe and Let us first examine the results of Fe Al. Fe
Si, the feedback-loop controls formed with the and Al were co-evaporated onto the GaAs. A
rate monitors maintain constant deposition rates sequence of RHEED patterns taken during the
with fluctuations less than 2%. The evaporation MBE growth of Fe3AI on the As-stabilized
rate of Al was controlled simply by the cell tern- GaAs(100) surface along [011] and [001] directions
perature, and is known to be quite accurate. The are shown in fig. 1. For one monolayer (ML)

i i 4
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Fig. 1. A sequence of RIIEED patterns recorded during the MBE growth of Fe~jAI on GaAs(100). (a)-(d) Patterns recorded along
(011l direction and (e)-(h) recorded along 10011. (a). (e) As-stabilized surface of AsAs: (b), (f) RHEED patterns after growth ofIl ML
of Fe-IAI (c), (g) RHEED patterns after growth of 3 ML of Fe1,AI: (d), (h) RHEED patterns after growth of 12 ML (34,k) of FeAl.
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growth of Fe3Al, we have observed elongated sharp pared with 0.004* for the GaAs buffer layer.
streaky RHEED pattern as shown in figs. lb and Longitudinal scans along the colinear direction
le. This indicates an atomically smooth Fe3AI with GaAs(400) peak indicted a significant te-
surface after the growth of only I ML. The tragonal distortion of the films from their cubic
RHEED patterns continue to sharpen further lattice due to a 1.5% lattice mismatch between
when the Fe3Al films growth thicker. For an FeAl Fe3AI and GaAs. A planar lattice contraction on
film 12 ML thick, the presence of Kikuchi arcs is the films by this 1.5% lattice mismatch causes the
an indication of a well-ordered single crystal film unit cell to expand by 0.14 A for the 300 A film
surface. and by 0.19 A for the 150 A film along the

The epitaxial orientational relationship between perpendicular direction to the interface.
Fe3 Al and GaAs was determined by RHEED and The width extracted from the same longitudinal
later confirmed by X-ray diffraction: The [0111 scans revealed that the size of the coherent grains
direction of Fe1AI is parallel with [0111 of GaAs, is 140 A for the film 300 A thick and that reduces
and the film orientation (100) of Fe3AI is aligned to 105 , for the film 150 A thick. In both cases,
with the substrate orientation (100) of GaAs. The the coherent grains are less than the film thick-

same orientational relationship also occurred in ness. This may be due to a strain-relaxed film
Fe3Al or Fe 3(AISi) on GaAs, AlAs, or InGaAs. and/or some rough but crystalline Fe , AI at the
Judging from the close lattice constants between top. The possibility of forming rough or defective
Fe3 Ai and GaAs and the thermodynamical stabil- materials at the top could be caused by the high
ity of Fe3Al with GaAs, such orientational rela- reactiveness of Fe and Al with the room air. Large
tionship is indeed consistent with our expectation, values of rocking curves are also consistent with a
Note that the Fe 3(AI.Si) phase extends over a picture of partially strain-relieved film.
finite range of compositions according to the phase We have also grown Fe,(AI,Si) and Fe3 Si films
diagram. Consequently, even for film composi- on GaAs. Their RHEED patterns show the same
tions which deviate from the ideal 3 : I of comparably good quality as those in fig. 1. The
Fe:(AISi). the DO, structure could still form, but rocking curve (FWHM) of a nominal Fe,,(A1,, 4

with a slightly different lattice constant. In that Si(o.) 1000 A thick was measured to be as low as
case, site exchanges take place, e.g. some Al or Si 0.03'. More work is underway to study the
would occupy the lattice sites of Fe and vice versa. Fe3(AI.Si) on GaAs in terms of their interfacial

The present epitaxial growth is seemingly dif- structures, the crystal quality as a function of film
ferent from a previous study of NiAI on AlAs by thickness. etc.
Harbison et al. [4]. In their study, the co-deposi- RBS spectra of the Fe3AI film 150 A thick were
tion of Ni and Al was preceded by the deposition fit using a theoretical simulation 18]. and the anal-
of one or two MLs of Ni. Different orientational ysis indicates a stoichiometric Fe3 AI film grown to
relationships were obtained unless the Ni was first an average thickness of 150 A. Grazing exit angle
deposited. Their explanation was that an initial spectra revealed roughness in the film. estimated
reaction occurs between the Ni and the underlying to be on the order of 60 A. Channeling analysis
AlAs to form an epitaxial Ni,AlAs template layer. was performed at normal exit angle, and the x,,
In the case of Fel(AI.Si) (including Fe3 AI and for the Fe was found to be 40%. For this 150 A
FeSi). no such intermediate template layer is film, taking the entire Fe intensity ratio (including
needed. Note that the lattice constant of Fe 1(AI,Si) the surface peak), we estimate the ideal Xmn to be

is close to that of GaAs, while the lattice constant 11 %. The observed increase in Xm,n could be ex-
of NiAI is roughly half of that of GaAs. plained by a rough but crystalline Fe3 AI layer or

High-resolution X-ray diffraction measure- by defective crystal material. This again is con-
ments on the Fe1 Al films gave a rocking curve full sistent with the observation in the high-resolution
width half maximum (FWHM) of 1.2' for a film X-ray diffraction measurements. Studies on the
150 A thick and 0.70 for another film 300 A thick. methods of protecting Fe and Al from reacting
These rocking curve values are quite large com- with the room atmosphere and preserving the

i'
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crystallinity of Fe3(Al,Si) films are now in pro- semniconductor/metal/semiconductor heterostruc-
gress. tures.

4. Conclusion References

In this work, high quality single crystal films of [11 A.Y. Cho and P.D. Dernier. J. AppI. Phys. 49 (1978) 3328.

Fe,(Al.Si). a Bif , structure, have been epitaxially 12] J. Massies and N.T. Linh, J. Crystal Growth 56 (1982) 25.

grown on GaAs(OO). We have also shown by [31 G.A. Prinz and J.J. Krebs, Appl. Phys. Letters 39 (1981)

in-situ RHEED that an atomically smooth growth 37
14] J.P. Harbison. T. Sands, N. Tabatabaje. W.K. Chan. L.T.

of I ML Fe,(AI,Si) or Fe3A1 has been achieved. Florez and V.G. Keramidas. App). Phys. Letters 53 (1988)
The growth has been carried out in a multi-chain- 1717.
ber MBE system, in which the metals were grown [5] C.J. Palmstrom. N. Tabatabaje and SiJ. Allen. Jr.. Appi.

in an As-free ultra-high vacuum environment. Fu- Phys. Letters 53 (1988) 2608.

ture studies include a fine tuning in the composi- [1 A. Taylor and R.M. Jones, J. Phys. Chem. Solids 6 (1958)
16.

tions of Fe. Al. and Si to achieve a perfect lattice [7] R.M. Bozorth. Ferromagnetismi (Van Nostrand. New York.
match between Fe,(Al,Si) and GaAs. and an over- 1964) p. 95.
growth of GaAs on Fe,(AI,Si) for fabricating [1 L.R. Doolittte, Nucl. lnstr. Methods B9 (1985) 344.



Journal of Crystal Growth 111 (1991) 989-995 989
North-Holland

Overgrowth and strain in MBE-grown GaAs/ErAs/GaAs structures
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The molecular-beam epitaxial overgrowth of GaAs on single ErAs layers of varying thickness i, ,tdi ,d, as %ell as the growth of.
and strain accommodation in, ErAs/GaAs multilaver films on GaAs substrates. Resonant Raman scattering and Rutherford
backscattering are used to characterize the crystal quality of overgrown GaAs layers, while Fourier-transform infrared absorption
spectra of the crystal-field-split Er" intra 4f-shell transitions, at 1.54 /im, are exploited as a novel probe of strain accommodation in
the ErAs layers. Overgrowth of GaAs of good crystal quality on ErAs. as well as growth of ErAs/GaAs multilayer structures, are
both demonstrated, but only for ErAs layers less than about 5 monolayers in thickness. Such thin ErAs layers are found to be
tetragonaly distorted due to elastic strain accommodation. Single buried ErAs films are found to be electrically continuous down to a
thickness of 5 monolayers.

I. Introduction lattice-matched ternary ErP0..Sbus have also been
successfully deposited by GSMBE on lnP [8]. The

The unique properties of metallic quantum wells above rare-earth (RE) compounds all share a NaC!
[1]. including low sheet resistance, ease of contac- crystal structure, demonstrate good single-crystal
tability. and large subband spacing relative to kT, epitaxial growth on their respective III-V hosts,
offer the potential for novel quantum effect de- and display metallic conductivities. However. a
vices. A particularly promising example is found potentially serious limitation in applications re-
in the recent demonstration of resonant tunneling quiring buried metallic iayers is poor subsequent
through metallic NiAI quantum wells buried in overgrowth of III-V semiconductors on top of the
GaAs/AlAs heterostructures [1]. The successful metallic RE compounds 13-51. This behaviour ap-
epitaxial growth of a number of semimetallic pears to be due to the poorly understood interface
rare-earth/Group V compounds on Ill-V semi- chemistry involved in the transition between a
conductors has made available another new class NaCI structure primarily ionic in bonding and a
of compounds for the fabrication of epitaxial primarily covalently-bonded zincblende structure.
metal/ semiconductor heterostructures. Using mo- No improvement has been observed in the case of
lecular-beam epitaxy (MBE) and gas-source MBE overgrowth on the lattice-matched ternary RE
(GSMBE), various research groups have to date compounds.
demonstrated the deposition on GaAs of YbAs In the present work the MBE overgrowth of
[2], ErAs [3-5], LuAs [4], ScAs [6], ErP [7], and the GaAs on single ErAs layers of varying thickness is
lattice-matched ternaries Sc0.3Er0.6sAs [6] and studied, as well as the growth of, and strain
ErP0 6As0 4 [7]. Erbium phosphide, ErSb, and the accommodation in, ErAs/GaAs multilayer films
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on GaAs substrates. ErAs has a 1.6% lattice mis- posited, again with no change in substrate temper-
match with respect to GaAs. Resonant Raman ature and without any additional growth stop.
scattering and Rutherford backscattering atc used
to characterize the crystal quality of overgrown
GaAs layers, while Fourier-transform infra-red 2.2. Sample characterization

(FTIR) absorption is utilized as a novel probe of
strain accommodation in the ErAs layers. Resonant Raman scattering by longitudinal

optical (LO) phonons has been shown to be a
sensitive probe for the crystalline perfection of

2. Experimental procedures GaAs [9]. This technique is used in the present
investigations to study the crystalline quality of

GaAs overgrown both on single ErAs layers and
2.1. Sample preparation on ErAs/GaAs multilayer structures. Spectra were

excited with a Kr' laser at a photon energy of
Samples were grown in a Riber 2300 MBE 3.00 eV, in resonance with the E, bandgap of

machine on undoped, semi-insulating (100) GaAs GaAs [9]. The probing depth for this excitation
substrates using indium-free substrate mounts. energy is roughly 8 nm. which is much less than
Growth rates and beam flux ratios are similar to the 40 or 50 nm thickness of the GaAs cap layers.
those reported in ref. [5]. Growth rates were de- Hence, only the cap layer is probed, both for
termined both from the measurement of (weak) samples containing single ErAs layers and for
RHEED intensity oscillations and from SEM those containing ErAs/GaAs multilayer struc-
thickness measurements on 500-800 nm thick tures.
single ErAs films. Two sets of samples are studied RBS axial channeling measurements have pre-
in the present paper. In all cases. undoped GaAs viously been used to directly assess crystal quality
buffer layers 200-300 nm in thickness were first and strain accommodation in MBE-grown ErAs/
deposited at a substrate temperature of 580- GaAs heterostructures 15,10]. RBS measurements
600 ' C. For the first set of seven samples, a super- in the present work utilized a 7 MV Van de Graaff
lattice buffer (100 periods of 12 nm Al0 3Ga 0.7As/ accelerator and a detector with an energy resolu-
8 nm GaAs) was then grown at 680'C, followed tion of 18 keV at a scattering angle of 1650.
by an additional 100 nm of GaAs grown at 580'C. It has recently been demonstrated that the
Growth was then interrupted for 120 s to adjust crystal-field splittings observed in FTIR absorp-
the substrate temperature to 450°C for the de- tion spectra of ErAs/GaAs multilayer structures
position of a single ErAs layer. Layer thicknesses allow one to distinguish between samples in which
were 1, 2. 5. 7. 20, 40, and 60 monolayers (ML). the lattice mismatch is elastically accommodated.
Undoped GaAs cap layers 50 nm in thickness via tetragonal distortion of the ErAs layers. or
were then grown with no change in substrate inelastically relieved 110]. This technique has also
temperature and without any additional growth been utilized in the present work to characterize
stop. For the second set of 6 samples, no super- strain accommodation in the ErAs/GaAs multi-
lattice buffer was grown. Upon completion of the layer samples. FTIR absorption measurements
GaAs buffer, growth was interrupted for 60 s and were made using a Bomem DA-3 spectrometer.
the substrate temperature decreased to 540- Spectra were typically recorded using a resolution
550 0 C. An ErAs/GaAs multilayer structure was of 1 cm - ' .

then deposited, consisting of 6 nm GaAs layers Electrical characterization of buried single ErAs
alternating with ErAs layers from 1 to 6 mono- layers was carried out using Hall measurements.
layers in thickness. The total ErAs thickness was Cross-shaped Hall patterns were fabricated using
kept constant by varying the number of periods optical lithography and wet chemical etching.
from 600 to 100, respectively. Undoped GaAs Electrical contacts to the ErAs layer were formed
capping layers 40 nm in thickness were then de- by alloying Sn through the GaAs capping layer.
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3. Results and discussion 1600 -1600 e < 00> 2 U eV He+

3.1. Single ErAs layers

Fig. 1 shows room-temperature Raman spectra 100

from 50 nm thick GaAs cap layers grown on top Z

of single ErAs layers with thickness between 1 and 5 M0 L, A

20 monolayers. The spectra were recorded in 600

backscattering geometry from the (100) surface 400 2 ML

with the polarization of both the incident and 200 1 ML
scattered light parallel to the same (100) direction

).J. For this configuration, Frohlich-induced &o 500 600 00 800 900
intrinsic 2LO phonon scattering is allowed, and CHANNEL
dipole-forbidden but defect-induced ILO phonon Fig. 2. Aligned [1001 Rutherford backscattering spectra from

scattering can also be observed [9). Deformation the same five samples as in fig. 1. The plotted channels include

potential I LO phonon scattering is, on the other only backscattering from Ga and As. The spectra correspond-
hand, suppressed. For GaAs grown on top of 1 ing to ErAs layer thicknesses of 7 and 20 monolayers overlap

almost completely.
and 2 monolayers of ErAs, the Raman spectra are
very similar to those of pure GaAs. with the
strength of the 2LO phonon line exceeding that of centration in the overgrown GaAs layers. Along
the defect-induced ILO peak. For GaAs layers with degradation of the 2LO/ILO intensity ratio,
overgrown on 5 ML and thicker ErAs layers, the scattering by transverse optical (TO) phonons,
2LO/ILO intensity ratio decreases rapidly, indi- which is forbidden in backscattering from a per-
cating a substantial increase in the defect con- fect (100) surface, increases to an intensity com-

parable to that of the defect-induced ILO line.
This behaviour is indicative of considerable

GcAsIErAslGaAs roughening of the sample surface.

TO LO /a3.00eV Fig. 2 shows aligned [100] RBS spectra from
L0) the same five samples as in fig. 1. The plotted

S(Z" channels correspond only to backscattering from

2Ga and As. The much weaker backscattering from
2 L 0 Er in the single ErAs layers is centered roughly at

: channel 950, and is not included in fig. 2. The low
backscattering yields from the first two samples

7ML indicate good GaAs crystal quality. Some de-
>_ gradation is already observed in the GaAs cap

layer overgrown on 5 ML ErAs, while the back-
scattering yields from the samples containing 7
and 20 ML ErAs indicate polycrystalline or

2 2 amorphous GaAs overgrowth. Random RBS spec-
tra (not shown) were also recorded. The following

A . GaAs minimum channeling yields (Xm,,) were
..... .. ... . ,calculated by taking the ratio of the integrated
200 4000 G yields in the aligned and random spectra between

RAMAN SHIFT (cm 1) channels 780 and 800: 1 ML, 6.2%; 2 ML, 7.3%; 5

Fig. !. Room-temperature Raman spectra from 50 nm thick ML, 12.1%; 7 ML, 34.7%; 20 ML, 31.4%. The
GaAs layers overgrown on single ErAs films ranging in thick- RBS results are in good agreement with the Ra-

ness from I to 20 monolayers. man scattering results shown in fig. 1, at least for
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the extreme cases of very good GaAs overgrowth than those previously measured for single ErAs
(on top of 1 and 2 ML ErAs) and very poor GaAs films 150 nm in thickness [5]. which were con-
overgrowth (on top of 7 ML or thicker ErAs). The sistently on the order of 60-70 MS2 cm for a
Raman spectra, however, do not so clearly demon- relatively large range of MBE growth tempera-
strate the "intermediate" behaviour observed in tures. The 5 ML ErAs film showed an increase in
the RBS spectra for GaAs overgrown on 5 ML resistivity to 680 pQ2 cm, while the samples con-
ErAs.This difference may simply reflect the differ- taining I and 2 ML thick ErAs layers were mea-
ent samples areas (- 1 mm spot diameter for RBS sured to be highly resistive. Electrically continu-
versus 50 jim spot diameter for Raman) and sam- ous MBE-grown ErAs layers as thin as 3 ML,
pie depths (several hundred nm for RBS versus buried in GaAs. have recently been reported [11],
roughly 8 nm for Raman) probed by the two but again using growth temperatures of 350-
techniques. The Raman spectra will thus be more 400 ° C. Further investigations are required to bet-
sensitive to any spatial inhomogeneity in defect ter understand the role of layer and interface
density or surface roughness. morphology, as well as quantum size effects, in

Degraded overgrowth of GaAs on top of ErAs determining the electrical behaviour of such ex-
films has previously been reported 13-5] and at- tremely thin metallic films.
tributed to poor GaAs wetting of the ErAs surface.
giving rise to rough, island-like GaAs growth. 3.2. ErAs/GaAs multilaver samples
Recent high-resolution transmission electron mi-
croscopy investigations [111 have revealed local- Raman spectra (not shown) from GaAs cap
ized growth of (111) GaAs on (100) ErAs, leading layers grown on top of the ErAs/GaAs multilayer
to extensive twinning of the overgrown GaAs. structures demonstrate behaviour very similar to
Tentative explanations for this behaviour were those in fig. 1. Degradation of the 2LO/1LO
oxidation of. or impurity adsorption on, the rela- intensity ratio, as well as an increase in the inten-
tively reactive ErAs surface, as well as poor GaAs sity of forbidden TO scattering, are both observed
wetting of the underlying ErAs. Palmstrom and as the thickness of the individual ErAs layers
coworkers [121 have very recently reported that, exceeds 2 ML. Both of the above effects, however.
for substrate temperatures between 350 and 400 * C indicate an abrupt deterioration at an ErAs thick-
during growth, one- and two-monolayer-thick ness of 6 ML. RBS spectra, presented in figs. 3
ErAs films grown on GaAs are sufficiently and 4. support this observation. Fig. 3 shows
pinholed to allowing seeding-enhanced GaAs random and aligned backscattering, for both [1001
overgrowth. In contrast. 3-monolayer-thick ErAs and [110] channeling directions, from a 120-period
layers were observed to be continuous, and subse- multilayer structure containing 5 ML ErAs layers.
quent GaAs overgrowth degraded. The present Fig. 4 shows similar spectra from a 100-period
results, indicating degraded GaAs overgrowth on structure containing 6 ML ErAs layers. Due to the
ErAs layers thicker than roughly 5 ML, may re- large total epitaxial layer thicknesses, backscatter-
flect the persistence of a pinholed morphology for ing due to Er is not separately resolved from the
ErAs layer thicknesses up to 4 or 5 ML simply background due to Ga and As. Also, the depth
due to the higher substrate temperatures (450 C) resolution in the above measurements (- 20 nm)
used during growth. is insufficient to resolve individual layers in the

Electrical characterization offers further sup- ErAs/GaAs multilayer structures. Comparing the
port for the above interpretation of the over- aligned [100] spectra in figs. 3 and 4, it is apparent
growth results. The single buried ErAs films were that an abrupt increase in dechanneling occurs at
found to be electrically continuous down to a the leading edge of the GaAs backscattering pro-
thickness of 5 monolayers (- 1.4 nm). The four file (- channel 850) as the ErAs layer thickness
thickest ErAs films (7. 20, 40. and 60 ML) demon- increases from 5 to 6 monolayers. This behaviour
strated metallic resistivities ranging between 114 indicates an abrupt degradation in the crystallinity
and 200#152 cm. These values are somewhat larger of the GaAs cap layer. In addition, an abrupt
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increase in dechanneling also occurs at the leading 2000
edge of the Er backscattering profile (- channel 1800 MBE8 709 <100> i -I f rA, i.jwr

950), indicating accumulated degradation due to 1600 4 Rev He+.5

poor overgrowth within the multilayer structure W 1400 rand
itself. The peak observed between channels 800 1200

and 850 in the (1101 spectra in figs. 3 and 4 is due Z 1000- "
to enhanced overlap between backscattering from % 'As 'cd l '-f,

Er (at the bottom of the multilayer structure) and .
Ga and As (at the surface of the cap layer) arising U I
from the larger effective multilayer thickness at
[110] incidence. The following values for Xmn 200

were calculated for the first 15 channels in the 0
[1001 Er backscattering profiles, corresponding to 1800  UBE 709 <110>

a depth of about 80 nm or roughly the upper most 1600 4 Rev He+

13 periods of the multilayer structures: 600 pei- W 1400 random Ga

ods/1 ML ErAs, 4 %, 300 periods/2 ML ErAs. 200 M,

13%: 200 periods/3 ML ErAs. 6%, 150 periods/4 C ,

ML ErAs. 8%: 120 periods/5 ML ErAs, 8.3%: 100 R aligned '

2000, 400 '

8 BE 708 <100> Mt .. 7. 200,
1600- 4 Rev He+I

400 300 400 500 600 700 800 900 1000

1400 random CHANNEL

01200-, Ga Fig. 4. Random and aligned Rutherford backscattering [100]
1000A and [1101 axial channeling spectra of a 100 period ErAs/GaAs

multilayer structure (6 monolayers ErAs/6 nm GaAs). capped
4"e" e'algnedwith 40) nmi GaAs.

0Er

200 .periods/6 ML ErAs. 42%. These values clearly
C0 > demonstrate relatively good multilayer crystal qu-

1800- UBE 708 <110> 4 ality for ErAs layers up to 5 ML in thickness, and

1600- 4 Rev He+ the abrupt degradation for 6 ML ErAs.

1400 Strain relaxation in the above multilayer sam-
>. 1200 'As pies has been investigated via FTIR absorption.

0 Fig. 5 presents FTIR absorption from all six sam-
800 V11 0g"ned pies, recorded at 300 K, along with that of a single

strain-relieved 830 nm ErAs film grown on GaAs

t0 by MBE. Sharp intra 4f-shell transitions, centered
0 at 1.54 um (6500 cm-1), are clearly resolved in all

200 - cases, corresponding to absorption between the
4 15241 31

1 300 '400 00 600 800 900 1000 crystal-field-split 115/2 ground state and 4132

CHANNEL first excited state of Er 3 + (4f 11 ) ions in ErAs [5].
The absorption spectra of all six muhtilayer sam-

Fig. 3. Random and aligned Rutherford backscattering 11001 pies showp on oue c hangsi n m th e e s .

and [1101 axial channeling spectra of a 120 period ErAs/GaAs ples show pronounced changes in the energies,

mutilayer structure (5 monolayers ErAs/6 nm GaAs), capped linewidths, and relative intensities of the crystal-
with 40 nm GaAs. field-split lines, with respect to those of the

(
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WAVELENGTH (m) The det. iled layer and interface morphology of1560 15/0 152D

the above multilayer samples has not yet been
1141Er\sinvestigated. The fact that substantially higher
1, L. ErAs growth temperatures (540-550* C ) were found to

be required than in the case of overgrowth on
single ErAs layers may further hint at the role
played by pinhole-induced seeding of GaAs over-

I\ 21\ 1 growth on ErAs.

, 3ML
I 4. Conclusions

o t" , 4 ML

;. 5 - The Raman scattering and RBS results pre-
sented above indicate that, at least for the MBE

o growth parameters used here, GaAs can be suc-
,6 6ML cessfully overgrown only on ErAs layers less than

q ' "" about 5 ML in thickness, beyond which the crystal
83 r & quality of the overgrown GaAs rapidly degrades.8300 A

ErAs Correspondingly, it is found that ErAs/GaAs
___.___-_ -__-__ -- multilayer samples containing several hundred

6400 6500 6600 periods and demonstrating good crystal quality
ENERGY (Cr1 ) can also be grown, but only when the thickness of

Fig. 5. Room-temperature FTIR absorption spectra of the individual ErAs layers is 5 ML or less. FTIR
ErAs/GaAs multilaver structures containing 1-6 monolayer- absorption results indicate that such thin ErAs
thick ErAs layers alternating with 6 nm GaAs layers. Also layers remain tetragonally distorted due to elastic
plotted is the corresponding absorption spectra of a single 830 accomodation of the lattice-mismatch-induced

nm thick ErAs film grown on GaAs. strain. Although single buried ErAs films are found
to be electrically continuous down to a thickness
of 5 ML, the severely degraded subsequent over-
growth presents a serious obstacle for such appli-

strain-relieved sample. In particular, the line origi- cations as tunneling devices, where high quality

nally observed at 6478 cm -1 shifts to higher en- epitaxial semiconductor layers are required both

ergy. while the 6554 cm- line shifts to lower above and below metallic quantum wells. How-
eergy, whi the 6506 cm- line decreass inlower ever, much work remains to be done in exploring a
energy. and the 6506 cm- line decreases in inten- wider range of growth parameters and substrate
sity and eventually vanishes. Such behaviour has orientations, as well as various other lattice-
previously been observed in similar ErAs/GaAs matched or lattice-mismatched rare-earth/ Group
multilayer structures in which the ErAs layers V compounds on Ill-v semiconductors.
were coherently strained 1101. In contrast, FTIR
absorption spectra from multilayer samples con-
taining thicker, strain-relieved ErAs layers are es-
sentially identical to those of single, thick, strain- Acknowledgenients
relieved ErAs films [10]. Variations in the energies
and relative intensities of the crystal-field-split The technical assistance of G. Bihlmann, H.
spectral lines among the various multilayer sam- Hoffmann, and B. Matthes is gratefully acknowl-
pies in fig. 5 may indicate an inhomogeneous edged. The authors also wish to thank Professor P.
strain distribution resulting from the degraded Koidl, Professor R. Brenn, and Dr. H. Ennen for
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RHEED studies of epitaxial growth of CoGa on GaAs
by MBE - determination of epitaxial phases and orientations

T.C. Kuo. T.W. Kang * and K.L. Wang

Device Research Laborators. Department of Electrical Engineering. Uni'ersitv of California at Los Angeles, Los Angeles
Califorina 9W024-1600, USA

Epitaxial growth of single crystal CoGa is investigated in-situ using reflection high energy electron diffraction (RHEED). The
formation of different phases of CoGa (different stoichiometric compounds and epitaxial orientations) due to various initial growth
conditions has been probed with X-ray diffraction and correlated with the RHEED patterns. The gro%, th of (100)CoGa or (110)CoGa
is found strongly dependent on the termination of the GaAs surface, with either Co or Ga. before the epitaxial deposition of CoGa.
When the flux ratio is deviated from the proper stoichiometric range, additional Co-Ga-As compounds are found in the X-ray
diffraction measurement. It is concluded that the CoGa phases and orientations can be determined by pre-deposition of Co or Ga
with a control of stoichiometry in the proper range. The high quality epitaxial CoGa has potential applications in thermodynamically
stable contacts, and more importantly for fabrication of GaAs/mrtal/GaAs quantum well structures-

1. Introduction more, the lattice mismatch of different stoichio-
metric CoGa's with GaAs (half of the lattice con-

Thermodynamically stable metal contacts on stant), varies from 1.8% to 0.5% as Ga content is
GaAs are very important for both Ohmic and adjusted from 31% to 61% [8]. In bulk Co t _,Ga ,.
Schottky contacts. Since only W and Mo in the electric and magnetic properties are known to
element metal form do not react with GaAs, inter- depend on the stoichiometry [9-11]. However, the
metallic compounds have attracted great deal of properties of epitaxial Cot ,Ga, on GaAs are still
interest in the past few years [1]. -these inter- relatively unknown. Recent studies by Baugh et al.
metallic compounds, such as CoGa [2], RhGa [3], [12] have shown that the Ga rich condition may be
NiAI [4], and NiGa [5], have a CsCI structure and thermodynamically more stable than the Co rich
the lattice constants are close to half of the lattice condition. Palmstrom et al. [2] have demonstrated
constant of GaAs. Thus. epitaxial deposition of the growth of CoGa on GaAs and observed the
these intermetallic compounds on GaAs is plausi- surface reconstruction using reflection high energy
ble. electron diffraction (RHEED).

CoGa has certain advantages which make it a In this paper, we demonstrate the control of
good candidate for metal contact on GaAs. First, growth of single phase CoGa on GaAs and the
there exist only two stable phases of Co/Ga com- epitaxial orientation in molecular beam epitaxy
pounds, which are CoGa and CoGa, [61, and this (MBE), by controlling the initial growth condition
makes it easier to control the growth of single with in-situ RHEED diffraction.
phase CoGa on GaAs. Second, the stoichiometry
of Co t ,Ga, can be varied from 31% to 62% [7],
and this flexibility of stoichiometric variation 2. Experimental
makes the flux ratio control less critical. Further-

The substrate used in this study was undoped

Permanent address: Department of Physics. Dongguk Uni- semi-insulating (100)GaAs. The wafer was first
versity. 3-26 Chungku. Seoul 100-715. South Korea. degreased, etched in H,SO4 : H 20 2 : H 20 = 8: 1 :1

0022-0248/91/S03.50 1 1991 - Elsevier Science Publishers B.V. (North-Holland)
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at 200 C for 4 min, and then indium-mounted on
a molybdenum holder. The epitaxial growth was
carried out in a two stage MBE chamber with a
base pressure at about 5 x 10-t0 Torr. Ga and As -

were from temperature controlled Knudsen cells.
Co was evaporated from a electron beam evapora-
tor. and the flux was monitored by an Inficon .J
IC6000 crystal monitor. A RHEED system was - I G~q ,s Co~c -c
used for in-situ analysis of the surface. 20, IDoo,

The sample was first heated up to 600'C with CoQcG

the As 4 shutter open. When the oxide layer was _____: _________

removed at about 600'C, an As(2 X 4) RHEED
pattern was observed, and then, an undoped 1000
A GaAs buffer laver was grown to smooth the

Fig. 1. X-ra, diffraction pattern, of different samples under
surface. After growth of a buffer laver, the sub- different growth condition,: ia) with Ga pre-deposit: h) with
strate was cooled down with the As 4 shutter re- Co pre-deposit: tc) without an% pre-deposit. All the films are

mained open until the substrate temperature of the same thickness.

dropped down to below 400'C. The RHEED pat-
tern changed to c(4 X 4) when the temperature
was below 450'C. This condition indicated that obtained even at room temperature. However, at
the ,urface was now covered by excess As [13]. In this low growth temperature, the RHEED pattern
order to avoid the residual As incorporation in the obtained is broad and spotty after a few minutes
CoGa growth, the growth was allowed to resume of growth, indicating poor crystalline quality and
after the As partial pressure was pumped down to surface morphology. On the other hand, Baugh et
about I x 10 " Torr. and this process took about al. [12] suggest that CoGa is not stable when
2 3 h. In growth of CoGa. the Co flux used was annealed at 500'C both in the Co-rich or Ga-rich
about 0.3 A/,s, and the Ga flux was equivalent to condition. To achieve high crystalline quality and
a GaAs growth rate of 0.4 jim/h. The growth rate to keep CoGa stable at the same time, we, there-
of CoGa under this condition was about 2000 fore, use an intermediate growth temperature at
A/h (calibrated by Rutherford backscattering, about 300'C. In one case. a small amount of Ga is
RBS). CoGa film of 500- 700 A thickness was deposited, and the RHEED pattern is observed to
gro" n at different Co: Ga flux ratios and at dif- change from As c(4 x 4) into Ga(4 x 6) or other
ferent temperatures. In experiments, CoGa films Ga rich reconstructions. At the initial stage of this
have been grown on both Ga and Co terminated growth. a broad RHEED pattern is seen. How-
GaAs surfaces keeping other growth conditions ever, as the growth proceeds. the RHEED pattern
the same as above. The growth pressure for GaAs becomes streaky within one minute or so. For
buffer layers was about 5 x 10 ' Forr, and about films grown under this condition, the X-ray dif-
I x 10 Torr for (oGa. X-ray diffraction was fraction shows a peak corresponding to {I 0)CoGa
used for identifying the different phases of CoGa as shown in fig. Ia. For comparison, standard
films formed, and finally the correlation of the GaAs c(4 × 4) RHEED patterns are given in figs.
(oGa phases with the initial conditions as de- 2a and 2b for looking along the (010) and (011)
termined by RHEED was established, azimuth angles respectively, while fig. 3 gives the

projections of GaAs and ('oGa. The RHEED
pattern of single phase CoGa( 110) is shown in fig.

3. Results 4. and we can see clear Kikuchi bands indicating a
good crystalline quality. For convenience of com-

Under a proper stoichiometry (Ga ratio be- parison with the GaAs substrate as well as for
tween 40% and 60%), a single phase CoGa can be being consistent, all the directions marked on

II i .... . . . ......................... .. . . ... ......
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Fig. 2. As c(4x4) RHEED patterns after growing a 1000 A GaAs buffer layer: (a) (010) and (b) (01i): the two arrows indicate the
fundamental lines from bulk diffraction.

CoGa RHEED patterns are referred to GaAs sub- as GaAs in (01i) direction in fig. 2b. Furthermore,
strate. We see that the distance between the two the distance in (Oil) (fig. 4b) is r2 times that in
fundamental lines from the bulk CoGa lattice in the (011) direction (fig. 4d). The relations of the
the (011) direction showing in fig. 4d is the same lattice constant and orientation in (100)GaAs,

aQ 0

a ) 0 0 o

(100) G 0As surface (110) CoGa surface

2". ' 0 0 Go aom on the surface
rN 0 Co atom on the surface

0 t  
' 'o 0 i ,'As atom under the surface

0 0 'i Co atom under the surface

(100) CoGa surface

Fig. 3. Projective view of the surfaces of (100)GaAs, (100)CoGa. and (110)CoGa. They show the relations of the lattice constant and

orientation. The dark lines in the top left figure indicate the upward bonds of Ga atoms.
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(100)CoGa and (110)CoGa can be seen in fig. 3. until the RHEED pattern of As c(4 x 4) changes
Since the (110) surface of CoGa has a rectangular prior to the growth. In this case, an entirely differ-
symmetry with sides (1, V), the symmetry direc- ent result from the Ga pre-deposited condition is
tions will appear at 00 and tan-'(1 /v) - 350 .  obtained. Under this condition, the resulting films
In the later case, if we rotate the sample 35 0 from show a dominant (100)CoGa epitaxial growth. The
(011) toward (010) or (001), we obtain another corresponding X-ray diffraction is shown in fig.
symmetric pattern, in which the distance between lb. The RHEED pattern shown in fig. 5 reveals
two fundamental lines is 3 times that of (01l) as streaky lines with clear Kikuchi bands, indicating
expected. Therefore, we can conclude that the a good crystalline quality. From figs. 3 and 5, we
growth direction when the surface is initially can see that the distance between the two funda-
terminated with Ga is (1l0)[001]CoGa on mental line of CoGa in the (001) direction (fig. 5a)
(100)[011]GaAs. As the flux ratio of Co to Ga is 1/V times that in the (11) direction (fig. 5b),
(still within 40% to 60%) is changed, there is no which is the same as the GaAs in the (010) direc-
change of the epitaxial orientation. tion, when compared with GaAs c(4 X 4) pattern.

For the second case, the growth temperature is From the pattern in fig. 5, we conclude that the
kept constant at about 300'C, and some small epitaxial direction in this case is (100)[OICoGa
amount of Co (-one monolaver) is deposited on (100)[I1]GaAs Similar to the Ga pre-de-

(oii)

huIT)
Fig. 4. RHEED patterns from the (1i0)CoGa sample after 500 A growth: (a) about 350 from (11) toward (010). (b) (011). (c) about

350 from (OD) toward (001). and (d) (011).
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posited situation, the results will not be affected Without a buffer layer, the surface of a GaAs
by the flux ratio as long as the Ga fraction is substrate after thermal cleaning is always rough as
within 40% to 60%. revealed in RHEED in contrast with the smooth

If CoGa is deposited directly onto the GaAs buffer layer surface. For CoGa films deposited at
c(4 X 4) surface without the pre-conditioning. a different initial conditions without a buffer layer,
mixture of (100)CoGa and (I 10)CoGa pattern is the orientation and phase of CoGa are the same as
seen as given in fig. 6. It is clear that the pattern in the cases of a smooth GaAs buffer layer surface.
fig. 6 is rather spotty and broad compared with The composition deviation away from the
the RHEED patterns in figs. 4 and 5, and, in proper stoichiometric range (Ga 40% or : 60%)
addition, the Kikuchi bands disappear. The X-ray results a mixture of CoGa and other Co-Ga-As
diffraction shown in fig. Ic indicates a mixed compounds. Under Co-rich conditions, if the
phase. Although, the (100)CoGa is the dominant growth temperature is kept at room temperature.
one, there is (1 10)CoGa present. the X-ray diffraction data show that both CoGa

The determination of epitaxial orientations and and pure Co exist. If the flux ratio is fixed and the
phases appear independent of the surface mor- growth temperature is increased to 3 0 C, the
phology. In order to verify that the anchoring of X-ray diffraction data show that CoGa. CoGa3
epitaxial orientation is independent of the surface and CoAs co-exist while pure Co disappears. From
morphology, several deposited films with and previous work [14]. pure Co deposited on GaAs
without a GaAs buffer layer are compared. substrate is known to react with GaAs at about

HiM) IO!)

Fig. S. RHEED pattern from the (100)CoGa sample after 500 Agrowth: (a) (0601), (b) (61b). (c) (010), and (d) (011).
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(00T)(0I

(010) (01i)
Fig. 6. RHEED patterns from the mixture of (100)CoGa and (110)CoGa after 500 A growth: (a) (004) (b) (Oil), (c) (060). and (d)

(011). We can not define the fundamental lines in (b) and (d) due to spotty patterns.

350'C, therefore it may be concluad thai the 4. Summnary
formation of CoGa, is due to the reaction be-
tween the excess Co and the substrate. In the Ga In summary, a single phase epitaxial CoGa is
rich condition, the X-ray data of the room temper- obtained by the co-deposition of Co and Ga at
ature and 3500C grown samples show both CoGa 300'C. Two epitaxial orientations, (100)CoGa and
and CoGa, peaks. For both the Co rich and Ga (110)CoGa, can be obtained by controlling the
rich depositions (outside the previously stated de- pre-deposit condition. A similar result was ob-
sired range), the CoGa grown at 300°C shows served by Harbison et al. [151 in this case of NiAi
broad RHEED patterns. As the growth tempera- grown on AlAs. Streaky patterns are observed for
ture is increased to above 400*C, the RHEED both (100)CoGa and (ll0)CoGa. The epitaxial
pattern becomes streaky, and it becomes very sim- direction is then independent of the flux ratio and
ilar to the CoGa(100) pattern. However, a strong the surface morphology after it is set by the initial
peak of CoGa 3 in addition to CoGa is detected by growth condition. The composition deviation away
the X-ray diffraction. Thus, for high quality single from the proper stoichiometric range results in
phase CoGa, surface pre-conditioning needs to be other Co-Ga-As compounds. In the latter case,
carefully done. although the patterns look streaky at high growth

-
-.g
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temperature, X-ray diffraction detects the pres- 131 A. Guivarc'h, M. Secouk and B. Guenais, AppI. Phys.

ence of CoGa, or other Co-As compounds. These Letters 52 (1988) 948.
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Molecular beam epitaxial growth of Cr/Fe, Ag/Fe, Ag/Cr and Ag/Co
superlattices on MgO (001) substrates

P. Etienne
Laboratoire Central de Recherches, Thomson - CSF, F-91404 OrsaY Ceex, France

J. Massies
Laboratoire de Physique du Solide et Energie Solaire. CNRS. Sophia Antipolis, F-06560 Valbonne. France

S. Lequien, R. Cabanel
Laboratoire Central de Recherches, Thomson - CSF F-91404 Orsav Cedex France

and

F. Petroff

Laboratotre de Physique des Solides. Universiti de Paris XI, Batiment 510, F-91405 Orsay Cedex. France

Cr/Fe and Ag/Cr. Fe. Co superlattices (SLs) have been grown by molecular beam epitaxy on MgO (001) substrates. The results
are compared with those previously obtained on GaAs (001). on the basis of reflection high-energy electron diffraction, sputter-depth
Auger profile and X-ray diffraction experiments. It is shown that MgO substrates, which are easier to prepare than GaAs prior to
epitaxial growth, allow the growth of high quality metallic SLs.

I. Introduction cess. Moreover, when a GaAs buffer layer is grown.
residual arsenic molecules resulting from the GaAs

During the last few years, molecular beam epi- growth may affect the overall SL properties by
taxy (MBE) has facilitated the growth of high reacting with Fe layers. We report here on the use
quality magnetic multilayer structures. Among of MgO (001) as an alternative substrate for the
them, sandwiches or superlattices (SLs) of Ag/Fe growth of high quality Ag/Fe and Cr/Fe SLs.
and Cr/Fe have exhibited new and exciting prop- The results show that the overall properties of SLs
erties, including perpendicular magnetization for grown on MgO and GaAs substrates are similar.
Ag/Fe sandwiches and SLs [1-3] and antiferro- Moreover, it is shown that MgO (001) substrates
magnetic coupling and giant magnetoresistance can also be used to grow high quality Ag/Cr and
effects for Cr/Fe SLs [4]. Up to now, the MBE Ag/Co SLs.
growth of SLs in these material systems has been
mainly performed on GaAs (001) substrates. The
successful use of such substrates necessitates the 2. Experimental detail
growth of a buffer layer in order to obtain a
smooth and well ordered surface suitable for the The growth experiments have been performed
subsequent growth of the metallic SLs. This re- in an MBE system designed in our laboratory and
quirement obviously complicates the growth pro- equipped with high-temperature effusion cells

0022-0248/91/$03.50 0 1991 - Elsevier Science Publishers B.V. (North-Holland)
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Fig. 1. Characteristic RHEED patterns of (a) MgO substrate after heating at 4500C for 15 min (left. (100> azimuth: right. (110>
azimuth); (b) 20th period of a (Ag 60 A/Fe 7 Ak)2 SI (left. Ag, right, Fe): (c) 30th period of a (Ag 30 A/Cr 5 A),) SL (left Ag. right

Cr):(d) 2nd period of a (Cr 12 A/Fe A),o SL (left Cr. right Fe).

heated by electron bombardment. Additional de- layer is required in order to obtain high-quality
tails can be found elsewhere 15]. Prior to epitaxial epitaxial metallic multilayers [7-9]. Before the
growth, the GaAs substrates were simply de- subsequent growth of metallic SLs, the residual
oxidized by dipping into a HCI/methanol solu- arsenic pressure, resulting from the GaAs growth
tion [6]. By heating in the 450-550o C tempera- should be decreased down to the 10- 0 Tort range.
ture range under a suitable As 4 partial pressure, it The growth process on MgO substrates is simpler,
is then possible to induce a standard 2 x 4 recon- MgO substrates (from Sumitomo) are simply
struction surface. However, at this stage the surface heated in the MBE chamber around 450 ° C for 15
is still rough and the growth of a GaAs buffer min, without preliminary chemical etching. A I × I
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reflection high-energy electron diffraction (RHEE- when Ag is grown (via a Fe nucleation layer) on
D) pattern exhibiting strong Kikuchi features, and GaAs, a I x 1 unit cell is always obtained for the
characteristic of a smooth surface, is then ob- growth on MgO (via a Fe or Cr nucleation layer).
tained (fig. la). However, it should be noted that The epitaxial relationships observed when using
RHEED observations on the bare substrate are MgO substrates are summarized as follows:
more difficult than for GaAs due to strong charg-
ing effects, which are difficult to eliminate. Fe,., Crt,.{001} (110) IIAgf, ,

On both GaAs and MgO substrates, metallic
SLs are grown using a relatively low growth rate MgON.0 {001 } (100)
of 500 A/h for all the elements, and a low growth
temperature (30-60oC). Growth was continu- with aFv=2.86 A, at =2.88 A, aAg/V2=2.89
ously monitored using RHEED. Since the growth A and aMgo/Vr = 2.97 A.
chamber is connected under vacuum with a scan- In the case of GaAs substrates, epitaxial rela-
ning Auger system, surface analysis could be per- tionships have been previously reported [5,7-9].
formed at the different stages of the growth, and Apart from these differences, the overall struct-
ion-beam sputter depth profiles of the grown ural characteristics of Ag/Fe. Ag/Cr and Cr/Fe
structures could also be easily performed. Finally, superlattices are almost identical. Since results
the structural properties of SLs are controlled by obtained using GaAs substrates have been previ-
standard X-ray diffraction techniques. ously reported 15,7-9], we focus here on structural

features associated with the growth on MgO sub-
strates.

3. Results and discussion Typical examples of RHEED patterns recorded
during the growth of Ag/Fe, Ag/Cr and Cr/Fe

3.1. Ag/Fe. Ag/Cr and Cr/f'e superh'ttices SLs are given in fig. 1. As in the case of GaAs
substrates, the RHEED patterns observed for the

One of the main differences between the growth Ag/Fe (fig. lb) and Ag/Cr (fig. Ic) couples are
on MgO (NaCI structure, a = 4.20 A) and GaAs indicative of a rather smooth growth front. The
(zinc-blende. a = 5.65 A) substrates i% the occur- transition between the characteristic patterns cor-
rence of different epitaxial relationships for the responding to Ag and Fe or Cr layers is rapid,
metals involved in the superlattices. In particular. within one or two monolayers. indicating the for-
while the (112) orientation is found when Cr is mation of sharp interfaces. Also, in analogy with
grown on GaAs (001) [71, it is the (001) orienta- the behaviour observed on GaAs substrate. Fe or
tion which occurs on MgO (001). On the other Cr layers are always slightly roughfr. than the Ag
hand. the growth of Ag on MgO gives rise only to ones. Therefore the interfaces are not strictly sym-
the (001) orientation, eliminating the problem en- metrical: for each period, Ag (lower surface en-
countered ir the case of GaAs susbtrates. for ergy) smoothens the Fe or Cr layer surface. Pre-
which both Ag (011) and (001) orientations can be sumablv because of this smoothing effect, there is
present at the same time 18,91. However, a better no noticeable degradation of the RHEED patterns
Ag (001) single-crystal film is obtained when a even after the deposition of several thousand
thin nucleation layer (10-20 A) of Fe (001) or Cr ingstr~m thick SLs, On the contrary, even if the
(001) is first deposited on MgO (001). As previ- first grown Cr/Fe SL periods exhibit RHEED
ously reported (8,10.11]. such a nucleation layer is patterns characteristic of sharp interfaces and good
a strict prerequisite for the growth of high quality single-crystal growth (fig. Id). a slight but con-
Ag/Fe SLs on GaAs (001). However, in that case tinuous degradation occurs as the growth proceeds
Cr, which is oriented (112). does not allow the further. Such degradation is observed for both
growth of a good single-crystal Ag layer. Another GaAs and MgO substrates. This similarity is found
difference between the two substrates is that. while despite the fact that there is compressive strain for
a clearly defined (6 x 6) reconstruction is observed Fe and Cr epitaxially deposited on GaAs (001)

..............................-i4
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(Aa/a= +1.4% and +2.0% respectively), while a 4x(eOAAg/ aAF*) Io 0 o
severe tensile strain results from the growth on
MgO (001) (A a/a = - 3.5% and - 3% respec- A .
tively). With the aim of decreasing the epitaxial M9

strain energy, we have used thick Ag buffer layers "

(Aa/a =-0.7% and -0.1% for Fe/Ag and 0)
Cr/Ag respectively) or even quasi-lattice matched W ....
lno 28Gao 72 As buffer layers [9]. No significant
improvement was found. It can therefore be con-
cluded that substrate-induced strain is not the
driving force behind the observed disordering 0
when increasing the thickness of Cr/Fe super-
lattices. b 4 x (6oA Ag/ 3oA Cr) /MgO

In order to confirm that there is no significant Cr

intermixing between individual layers of the SLs M9
or between MgO substrates and SLs, ion beam
(Ark, I keV) sputter-depth Auger profiles have
been performed. Auger electron signal intensities z
were deduced from dN/dE peak-to-peak heights W Ag

measured using kinetic energy windows centered
on the most intense line of Ag (336-361 eV), 0 /

(495-520 eV). Cr (520-538 eV), Fe (688-708 eV),
a n d M g ( 1 1 7 1 - 1 1 9 1 e V ) . T h e r e s u l t s c o r r e s p o n d - 0..

ing to 4 periods SL s of A g(60 A )/ Fe(30 A ), A g - " .
(60 A)/Cr(30 A) and Cr(45 A)/Fe(45 A) are C 4X(45ACr'/45AFe)/MgO

presented in figs. 2a, 2b and 2c, respectively. Al- 
F
e

though Auger measurements are more difficult for - 9
SLs grown on MgO substrates than for those C

grown on GaAs substrates due to charging effects ,
the measured profiles are similar. The contribu- CZ

tions of each individual layer are clearly resolved ? -

even in the case of Cr/Fe superlattice (fig. 2c).
Moreover, intermixing between the MgO substrate
a n d t h e S L l a y e r s , i f p r e s e n t , i s l i m i t e d t o t h e f i r s t - _ _
deposited SL layer. and is probably less than 15 A--------- ertmein thickness, which is the estimated depth resolu-

in ticnes.wihi the prse texrimeheslu Fig. 2. Ion beam sputter depth Auger profiles of four periodtion in the present experiments. SLs grown on MgO (001): (a) Ag(60 k)/Fe(30 A); (b) Ag(60
Finally, X-ray diffraction was performed in A)/Cr(30 A): (c) Cr(45 A)/Fe45 A).

order to determine the overall structural proper-
ties, and in particular the periodic ordering of the
superlattices. Diffraction measurements were per-
formed in the 0/20 geometry using Cu Ka radia- 3b and 3c, respectively. The spectra are similar to
tion monochromatized after the sample by a pyro- those obtained for SLs grown on GaAs [9]. In
litic graphite ((002) reflection) which also particular several satellites are identified for both
eliminates the Fe fluorescence. Spectra corre- Ag/Fe and Ag/Cr SLs between Ag and Fe (or
sponding to (Ag 60 A/Fe 7 A) x 15, (Ag 30 A/Cr Cr) Bragg peaks. These satellites indicate that
30 A)× 34 and (Cr 12 A/Fe 20 A) x 30 super- wcll-ordered SL structures with sharp interfaces
lattices grown on MgO are presented in figs. 3a, are achieved for Ag/Fe and Ag/Cr. Simulations

Y-
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are in progress to estimate the influence of the two
interfaces (Ag/Fe and Fe/Ag or Ag/Cr and

0, Cr/Ag) on the satellite intensities, and to de-
140.0-1 M0 (002) a termine if they give rise to the asymmetry in the
126.0- number of satellites observed around the (002)
112 0 [Ag (sOA) / Fe (7 A~iis Bragg peaks. On the other hand, we only detected

98.0 Ctwo weak satellites on each side of the (002)
80radiation Cr/Fe SL reflection, despite the fact that there is

e-00 Ag (002) (_ no substrate peak obscuring their observation. One
700 Fe of the origins of these weak intensities is the
560 absorption of X rays by Fe. We plan to carry out

zI-W42° . further experiments near the K-absorption edge of
280 Cr in order to enhance the peak satellite intensity

140 as in Fe/Mn SLs [121 and to better understand
40. - - , -- the nature of the interfaces for this system.

350 40.0 50 500 55.0 60.0 650 70.0 Concerning the magnetic properties of SLs
28 (Degrees)

.10' 29(egres)grown on MgO (001), it should be noted that up
800- MgO 002) b to now no perpendicular magnetization has been
720- [Ag (3A)/ Cr (3OA)]4 found in Ag/Fe SLs grown on MgO (001), al-

34g Ag/Fe grow Mg300)
640 C though such behavior has been observed in identi-
56 0 .A ( 0 (C u K c rad ia tio n

=560, Ao2 cal structures grown on GaAs (001) [3]. This dif-
480- ference may be related to the fact that for Ag

400- layers grown on MgO no surface reconstruction

Z 320. occurs, while when grown on GaAs a clear (6 X 6)
S20reconstruction is observed. Also, no RHEEDS
240- oscillations are observed during the growth of Ag
160 /on MgO in contrast with the behavior found on

80-- eSO] GaAs [8]. It seems therefore that Ag layers are of
- -- T lower quality when grown on MgO, although X-ray

35.0 400 450 500 55.0 60.0 65.0 70.0

2e(Degrees) diffraction results on Ag/Fe SLs grown on MgO
1 0o_ and GaAs substrates are comparable. The diffi-

550- c I culty of obtaining perpendicular magnetization in

495 [Cr (1 2A)/ Fe (2OA)] 30  the case of MgO substrates indicates that it is

440CuK radiation probably very sensitive to the atomic-scale perfec-
E 385-. tion of the interface between Ag and Fe layers.

330--

5-3.2. Ag/ Co superlattices
Z 220; -1 +1

1 I65-
10 ICo-based multilayer structures have recently

110 Iattracted considerable attention [13-181 because
055 -I of their magnetic properties, such as perpendicular

0. r- r-0 , , , , , . magnetic anisotropy, potentially of interest for

20(a0sosoo ? high-density magnetic recording. Moreover. epi-
taxial strain in such systems may impose the for-

Fig. 3. X-ray 8/29 diffraction patterns around the first Bras mation of Co metastable phases, giving rise to new
peaks for different Sl.- grown on MgO (OO). Note that we
observe in spectrum (a) two Ag (002) peaks, due to buffer and magnetic properties. Depending on the substrate

SL layers. respectively, structure and/or superlattice structural parame-
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ters (individual layer thickness, nature of the alter- of the metastable fcc phase, indicate also a contri-
nating metals), the Co layers crystallize in the bution of the hcp phase.
usual hcp or in fcc [17,21-23] and bcc [2,19-211 Different superlattice structures have been
metastable phases. grown at room-temperature with individual layers

Among the different metals which can be alter- ranging from 30 to 60 A for Ag and 5 to 60 A for
nated with Co to give single-crystal SLs, Ag has Co. Although the RHEED pattern associated with
been studied less than other noble metals such as the fcc Co phase is always observed for a 30
Au [14,151, Pt [131, Pd [131 or Cu [161. However, period SL of Ag(30 A)/Co(5 A), change in the
very recent results indicate that the Ag/Co couple RHEED pattern occurs with increasing Co layer
is a good candidate to obtain enhanced magneto- thickness. It is tentatively associated to the phase
resistance effects [23,241. transition from fcc to hcp. For a superlattice con-

When Co is directly deposited on MgO (001) sisting of alternating layers of 60 A Ag and 10 A,

substrates at room-temperature, it crystalizes in 20 A or 60 A Co, the transition appears after
the (001) hcp orientation. However, if Ag is inter- - 15, 3 and I periods of growth, respectively. This
calated between MgO and the Co layer, it is the result is in contrast to the fact that for a single
fcc phase which occurs with the following epi- layer of Co on Ag (001) the fcc phase is still
taxial relationship: present after several hundred angstroms deposi-
Cof,{001 }<100) IlAgf {001 )<100)- tion. It is clearly more difficult to preserve the fcc

phase when alternating growth of Ag and Co is

After a nucleation layer of 20 A, of Cr on performed. This is probably due to the fact that
MgO. a thin Ag layer (- 60 A) is in fact sufficient the structural quality of the Ag layers grown on
to impose the fcc phase of Co. The RHEED top of the Co layers degrades as a function of
pattern of this phase is observed up to 400 A, the individual and integrated thicknesses of the Co
thickest Co layer deposited in the present work. layers, as deduced from the RHEED pattern
However, nuclear magnetic resonance (NMR) ex- evolution. Indeed the RHEED pattern of the fcc
periments [251. although confirming the presence Co phase disappears when the Ag layer assumes

Fig. 4. Characteristic RHEED patterns of a (Ag 60 A/Co 20 A)js SL: (a) first Ag layer ((001) single orientation): (b) first Co layer
(fcc phase): (c) last Ag layer (non-single orientation); (d) last Co layer (hcp phase).
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several orientations. Another remarkable point is observed in SL structires when increasing the Co
that when Co is grown on A (001), it assumes its thickness. These superlattices have already ex-
bulk lattice parameter (3.54 A) from the very first hibited promising transport properties such as en-
monolayers deposited. In other words, there is no hanced magnetoresistance effect.
pseudomorphic growth in this system.

Typical RHEED patterns taken during the
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p-Type diluted magnetic III-V semiconductors

H. Munekata. H. Ohno *. R.R. Ruf. R.J. Gambino and L.L. Chang
IBM Research Division. TJ. Watson Research Center. P.O. Box 218. Yorktown Heights, New York 10598. USA

Diluted magnetic III-V semiconductors In - ,Mn,As with p-type conduction have been successfully grown by molecular beam
epitaxv under the specific growth conditions of substrate temperatures above 275°C with Mn compositions 0.001 1 x < 0.03. No
MnAs second phase was detected in these films in which the Mn ions serve the dual purpose of providing conduction holes and local
spins. Hole concentrations fall in the range of 5 x 1017 to 102' cm -1 depending on the Mn composition, and they can be varied with
donor impurities such as Sn. Magnetotransport at low temperatures exhibits striking hysteretic characteristics. suggesting the
occurrence of ferromagnetic order induced by the presence of holes.

1. Introduction films were ferromagnetic, arising apparently from
the presence of MnAs clusters.

Diluted magnetic IlI-V semiconductors are In this paper, we report the growth of homoge-
novel semiconductor materials in which high con- neous p-type In, -,MnAs films and their physi-
centrations of magnetic ions are incorporated in cal properties associated with carrier-induced
the host III-V semiconductors. As recently exem- magnetism. We have found in the growth-parame-
plified by the epitaxy of In, - ,MnAs (x :< 0.2) ter space a specific regime. defined by the sub-
films, formation of such systems was made possi- strate temperatures T, > 2750 C and the Mn com-
ble by molecular beam epitaxy under low growth positions 0 _< x <0.03, where Mn ions serve the
temperatures in the 200-300'C range [1--3]. In dual purpose of providing both local spins and
diluted magnetic semiconductors, various cooper- conduction holes. Within this regime, the forma-
ative effects can occur in both magnetic and elec- tion of MnAs-like clusters is suppressed. and a
tronic properties through the spin-exchange inter- variety of p-type samples with different hole con-
action between free carriers and magnetic ions [4]. centrations can be produced. The highest hole
These effects and their applications can now be concentration so far obtained is p - 10 2" cm - at
pursued in technologically important III-V semi- x = 0.004. The number of holes at a fixed Mn
conductors and related heterostructures. composition has also been found to be controlla-

Previously, two types of In, - Mn, As epitaxial ble by doping with conventional donor impurities,
films were found under two different growth con- such as Sn. In this case, the hole concentration
ditions. At low substrate temperatures ( - 2000 C), decreases with an increasing incorporation of Sn.
homogeneous alloys with paramagnetic character- leading eventually to the conversion to n-type
istics were grown at least up to x = 0.18. These conduction. The p-type samples thus prepared ex-
films exhibited n-type conduction. Under the sec- hibit very striking hysteretic characteristics in
ond growth condition of relatively high growth magnetotransport at low temperatures. together
temperatures (- 300 C) with large x values, the with the appearance of remanent magnetization

[5]. In contrast, no anomalous behavior is ob-
served for the n-type samples. These observations

Permanent address: Department of Electrical Engineering, strongly suggest that the magnetic order is in-
Hokkaido University. Sapporo 060. Japan. duced by carriers as a result of the rather strong
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ferromagnetic spin-exchange interaction between .. . .

the holes and Mn ions. T.=300'C
, 77K

2. Epitaxy of p-type In, _Mn.As/InAs/GaAs
(100)

A large number of thick epitaxial films (1-2.5 <

IAm) were grown by molecular beam epitaxy on
lnAs(20 nm)/GaAs(300 nm)/GaAs(100) surfaces
under various combinations of growth parameters, Zo
T, = 200-380'C, [As 4]/[In + Mn] = 1-10, and x U I1l
=0.001-0.05, for substrate temperatures, flux W

.-4
ratios, and Mn compositions. respectively. The 0
growth rate was - 1.2 pm/h for all the films. The
x values of the samples were evaluated by electron
micro-probe analysis using a 10 keV beam. The Iol7'

0 0.01 0.02 0.03
flux ratio does not appear to have a significant x, in Int-xMnxAs
influence on the physical properties of the films Fg in a KXXf
except that very high As, fluxes tend to induce Fig. 1. ote concentrations at 77 K of tn1w ,MnAs films

three-dimensionally nucleated islands. The sub- grown at a substrate temperature of 300 C with different Mncompositions.

strate temperature, however, is a rather critical
growth parameter which is responsible for the
resulting properties. The conduction is usually The influence of the Mn composition on film
dominated by extrinsic donor states of unknown homogeneity in terms of the existence of ferro-
origin and thus n-type for films grown at T, = magnetic MnAs phase was examined by magneti-
200-265°C. whereas p-type conduction takes zation measurements. Hysteresis loop studies were
place for samples grown at T > 275'C. The hole performed at - 150 °C (123 K) using a vibrating
concentrations, as evaluated by low-field (4 kOe) sample magnetometer, with which a total MnAs
Hall effect measurements, are in the range of concentration of - lot cm -3 could be selectively
10I)-10' cm -. greater than the values obtained detected out of diamagnetic backgrounds of a
in the conventional Mn-doped III-V compounds glass sample holder and an undoped semi-insulat-
[6- 8]. They are also strongly dependent on the Mn ing GaAs(100) substrate. Great care was taken to
composition x. as shown in fig. 1 for samples subtract these backgrounds for quantitative ana-
grown at T, = 300'C. In the region of low Mn lyses of small sample signals (10-6-10 -4 emu).
compositions (0.001 !s x _< 0.004). hole concentra- Magnetization data thus obtained are shown in
tion increases monotonically with increasing x. fig. 2 for samples with two different Mn composi-
reaching the highest concentration of p - 1020 tions, x =0.026 and 0.046. Both samples were
cm ' at x -0.004. The hole concentration is rea- grown at the same substrate temperature of T =
sonably close to the number of Mn atoms, indicat- 300' C. As can be seen, the magnetization of the
ing that Mn in these films are acceptors (Mn 2" x = 0.026 sample, consisting only of a para-
plus one hole) with an activation efficiency being magnetic component as expected for a homoge-
nearly 100%. Beyond x = 0.004, however, the neous alloy, does not show any evidence of the
numbers of holes decrease drastically with increas- hysteretic component within the detection limit.
ing Mn composition. The reduction is more than In contrast, both components are clearly visible in
two orders of magnitude from x -0.004 to 0.026, the case of x = 0.046. The hysteresis disappears at
at which point the hole concentration is as low as - 320 K, which is consistent with the Curie tem-
p - c X 1017cm 1. perature of ferromagnetic MnAs [9]. The MnAs
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16 ri r --- 1 1 - and a conversion to n-type conduction occurs
3 - 123K x=0.046- under extremely high-doping condition. Typical

6 -H 1 SURFACE
V o.a - results are shown in fig. 3 for x = 0.012 samples
o t .0'6 grown at T = 300 oC, in which carrier concentra-

Z 00 tion is plotted as a function of effusion cell tem-
< perature of Sn. The equilibrium vapor pressures

range from 7.5 x 10 - 7 Torr (750'C) to I 10 -'
Z-. Torr (990 *C), which are common values used for

intentional doping in molecular beam epitaxy [11].
-I.6 L.LWLL. . i LJLLThe hole concentration in the undoped sample is
-6000 -3000 0 3000 6000 4.5 X 10 " cm - 3 as indicated in the figure with the

APPLIED FIELD (Oe) left-most data point. The reduction in hole con-
Fig. 2. Magnetization data at - 150'C(123 K)ofin1 _ ,Mn.As centration is noticeable for samples grown with
films with two different Mn compositions. Films were grown at
a substrate temperature of 300 * C. Magnetic field was applied Sn-cell temperatures above 750 0 C, and conver-

perpendicular to the film surface. sion to n-type conduction takes place over -
850 0 C. Above this cell temperature. electron con-
centrations continue to increase up to at least

composition, estimated from a known value of 800 - 10000 C. Composition analyses of the heavily
emu/cm3 of a bulk MnAs. is XMA, = 0.0065 which doped films have confirmed that the Mn composi-
corresponds to 13% of the total Mn composition tion retains the same value as that of the undoped
of the x = 0.046 sample. Further investigations sample. It is interesting to note that the electron
have confirmed that all samples with x < 0.026 do concentration decreases with increasing Mn com-
not exhibit any hysteretic characteristics remi- position at a fixed Sn cell temperature. For exam-
niscent of MnAs at 123 K. It is probably surpris- pie, at the cell temperature of 950'C. electron
ing that no hysteretic trace is observed even for an concentrations are n = 1.2 X 102', 9.6 X 1019. and
x = 0.012 sample grown at T, = 380'C. These re- 1.4 x 101S cm - for x = 0. 0.0038, and 0.012, re-
sults head to the conclusion that the formation of spectively. This trend indicates that Sn atoms pre-
MnAs clusters is critically dependent on the x
value with a critical Mn composition being around 1020 .- I I I I I

x - 0.03 at T, above 2750 C. x=oo02 0

This observation suggests that p-type samples
77K

with x _< 0.026 are virtually homogeneous, so thatE

the reduction in hole concentrations (fig. 1) can- z 019

not be attributed to a decrease in the number of
0Mn acceptors due to the MnAs clustering. One

possible mechanism responsible for the reduced U o
hole concentration may be the self-compensation 3 10o8

effect as frequently encountered in doping Il-VI
compounds, in which point defects or complexes
are formed during the growth to electrically com-
pensate for the charges of the impurities 1101. 10o7 0 HOLES

We now discuss the influence of intentional oI ELECTRONS

doping on conduction properties of p-type UNOOED 700 800 900 1000
In1 ,MnAs films. It has been found that the Sn CELL TEMPERATURE (*C)
number of holes at a fixed Mn composition iscontrollable by doping with conventional donor Fig. 3. Carrier concentrations at 77 K of Sn-doped films

(x = 0.012) as a function of cell temperature of the Sn source.
impurities, such as Sn. The hole concentration Open and solid circles represent hole and electron concentra-

decreases with an increasing incorporation of Sn, tions, respectively.
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dominantly substitute for the sites of group III and that the transport behavior is strongly in-
element. fluenced by the remanent magnetization. An

anomalous increase in low-field (50 Oe) magneti-
zation, detected with a SQUID magnetometer at

3. Transport properties temperatures below - 8 K, is consistent with these
observations. In addition, it is important to men-

The p-type samples thus prepared exhibit very tion that these characteristics are totally absent in
striking hysteretic characteristics in magnetotrans- n-type In, ._Mn, As: Sn samples.
port at low temperatures [5]. In fig. 4, we show It is very likely that the observed effects arise
one of these results, transverse magnetoresistance from ferromagnetic order induced by the presence
p.. and Hall resistance p., at 4.2 K for an un- of conduction holes. In other words, a ferromag-
doped x = 0.012 sample patterned into a Hall-bar netic spin-exchange interaction exists between the
geometry. Numbers and arrows in the figure rep- holes and Mn ions. The interaction of holes with
resent the sequence and sweeping direction of an MnAs clusters can not possibly be responsible for
applied field H. For the p,, component, a very these results, since the coercive force (- 2000 Oe)
large negative magnetoresistance is accompanied and the Curie temperature ( - 320 K) of this ferro-
by the hysteretic behavior, but a zero-field resis- magnetic material do not agree at all with present
tance remains at a constant value regardless of the observations. Superparamagnetism due to ultra-
history of the applied field. For the p, compo- fine MnAs clusters, if any. might cause a weak
nent, the pr,-H curve forms a hysteresis loop with remanent magnetization [121, but the interaction
a small coercive force of - 200 Oe, so that the of carriers with such clusters, usually considered
zero-field value depends on the polarity of H. to be fairly small, is not known at the present
Deviation from the ideal inversion-symmetry in stage. One of the intriguing and possible mecha-
the measured p, curve is due to a finite contribu- nisms is the Ruderman-Kittel-Kasuya-Yoshida
tion of the p_ component. These results indicate (RKKY) interaction in which high numbers of
that ferromagnetic order takes place in the film, free carriers can indirectly cause a long range

ferromagnetic or antiferromagnetic order among

1.6 a 1 1 1 1 magnetic ions. In diluted magnetic semiconduc-
a tors, such carrier-induced magnetization was ex-

1-. amined experimentally in the p-type PbSnMnTe

I (Mn - 3%) system [131, where high hole con-
.2 1 - centrations of the order of 1020 cm 3 were found

necessary for the carrier-induced ferromagnetic
-1. 0 4 2order. In contrast, in the present system, both hole

and Mn concentrations are relatively low; for ex-
700b ample, p = 4.5 X 1011 cm- 3 at 77 K and x = 0.012

for the sample in fig. 4. This fact implies that
500 ,.., spin-exchange interaction is strong for the p-type

I "3 In,_,MnAs, in which Mn ions are the sources
300 4.ofor both local spins and conduction holes.

x:.OI2
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Growth and novel properties of magnetic heterostructures by molecular
beam epitaxy

J.M. Hong, D.D. Awschalom, F. Agull6-Rueda * and L.L. Chang
IBM Research Division. TJ. Watvon Research Center, P.O. Box 218 Yorktown Heights. New York 10598. USA

Diluted magnetic semiconductor Cd_ ,Mn Te-Cd- ,Mn ,.Te heterostructures of various layer thickness, where 0 x. Y < 0.4.
were grown by molecular beam epitaxy for optical and magnetic studies of reduced-dimensional systems. X-ray diffraction patterns.
low-temperature photoluminescence spectra (PL), and AC magnetic susceptibility measurements were used to verify the integrity of
these structures. The carrier quantization in the quantum wells were revealed by the magnetic response in a magneto-optic
microsusceptometer as well as by the results of PL measurement. These SLs were used to study the dimensional cross-over of the
spin-glass phase. In addition, a magnetic-field-induced transition from type I to type 11 superlattice was observed.

1. Introduction While there have been extensive studies on the
bulk properties of DMSs, the manifestations, in

The advent of epitaxial crystal growth tech- particular, the magnetic manifestations, of re-
niques such as the molecular beam epitaxy (MBE), duced dimensionality in DMS heterostructures
with the ability to grow multilayer structures of have just started to be explored. The capability of
monolayer resolution and selected chemical com- MBE to select a particular magnetic phase by
positions, has made possible the experimental fine-tuning the magnetic dilution and to tailor the
realization of heterostructures of semiconducting, magnetic layer thickness allowed magnetic studies
magnetic. and insulating materials for studies of of dimensional crossover [7]. And the ability to
systems of reduced dimensions [1-5]. Among these generate carriers and confine them in magnetic
materials, the diluted magnetic semiconductors wells allows the probing of carriers-magnetic-mo-
()MSs). a class of compound semiconductors ments exchange interaction in a local scale [8,91.
contilining a random distribution of magnetic mo- In the first part of the following section the
ments. exhibit interesting magnetic effects as well growth of DMS CdMnTe and CdMnTe-CdMnTe
as semiconducting properties [6). For example, the SLs will be discussed in detail. The materials were
systematical change of magnetic dilution results in characterized by the X-ray diffractometer and low
different magnetic phases, namely. paramagnetic, temperature photoluminescence (PL) measure-
spin-glass, or antiferromagnetic states, depending ments, supplemented by the photoluminescence
on the concentration of the magnetic ions and the excitation (PLE) measurements. In the second part
temperature. Furthermore. DMSs exhibit novel the results from the magnetic and magneto-optical
magneto-optic and magneto-transport effects, such studies will be presented.
as the huge Faraday rotation, enhanced Zeeman
splitting, and large negative magnetoresistance.
due to the exchange interactions of the localized 2. MBE growth and characterization
magnetic moments with the charge carriers. The host crystals of DMS can be AB vl com-

Present and permanent address: Departamento de Fisica pounds (binary and ternary compounds of group

Aplicada C-IV. Instituto de Ciencia de Materials de Madrid 1I and group VI elements), AvBvI. CdAs, and

(CSIC). Universidad Aut6noma. Cantoblanco. E-28049. Zn3 As 2, chalcopyrites [6], and, recently, A"b v

Madrid. Spain. [101. The magnetic species can be transition metals

0022-0248/91/$03.50 T 1991 - Elsevier Science Publishers B.V. (North-Holland)
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or rare earth elements. The most-studied DMSs elemental Mn and Te were used to maintain the
are the family of compounds with the form of stoichiometry. Typical growth rate of CdTe was
A'ii'.M IBv, where A i" can be Cd, Hg, Zn ..... 0.5 Mim/h. Depending on the growth conditions
M" can be Mn, Fe, Eu, Gd .... and Bv can be 0, employed either CdTe/Cd,Mn,Te (l11)B or
S, Se, or Te. The host binary AIBv1 compounds (100) could be obtained. The former orientation
crystallize mainly in either zincblende (e.g., CdTe) was chosen resulting in the following orientation
or wurzite (e.g., MnTe) structures at atmospheric relationships in the film plan4e: [011] IIGaAs[011]
pressure. and [.11]lIGaAs[0T] [19-221. The lattice mis-

Several crystal growth techniques have been match in the former direction was 14.6% but was
employed to grow epitaxially thin-film A"B vl  only -0.7% in the latter. The RHEED patterns
compounds [3.11-141. The first reported success- initially exhibited elongated spots, but became
ful preparation of the DMS A"M"B v' thin films streaking after the deposition of only a few atomic
was HgCdMnTe by the close-spaced isothermal layers, despite the presence of the initial lattice
vapor transport growth technique [11]. The epi- mismatch. As the buffer layer thickness was in-
taxial growth was achieved by deposition of creased. 2 x reconstruction appeared in the
evaporating HgTe on the CdMnTe substrate and RHEED pattern in both (011) and (211) azimuths
mutual interdiffusion. But, since then. vast and remained throughout the growth. indicating
amounts of the thin films have been CdMnTe and the existence of layer by layer epitaxial growth.
CdMnTe-CdMnTe heterostructures prepared by For evaluation of the periodic structures. X-ray
the MBE technique on GaAs (100) substrates analysis was performed. employing a computer-
[3,12.13]. The GaAs (100) substrates have ad- controlled diffractometer with a well collimated
vantages of providing large areas of good-quality Cu Ka, (wavelength X = 1.540562 A) as the source
and flat surface, well-established substrate clean- radiation [231, The magnetic susceptibility mea-
ing methods, and controllable surface reconstruc- surement was performed utilizing a thin-film in-
tions. Recently. CdTe substrates having relatively tegrated miniature dc SQUID susceptometer cir-
large areas of minimal twins became available and cuit [24]. For the magneto-optic measurement an
were used to grow CdMnTe [15.16]. improved, ultra-low-noise DC-SQUID-based mi-

In our laboratory Cd, ,Mn,Te layers were epi- crosusceptometer was employed f25]. The trans-
taxially grown on CdTe buffer layers deposited on parent quartz substrate used allowed the light to
semi-insulating GaAs substrates of either nominal be directly incident on the sample.
(100) or 20 off towards [0111 (see ref. [17]) in a
MBE system with a base pressure of < 2 x 10 .
Torr. Substrates were prepared using the standard .1. CdTe films
procedures of degreasing and etching, indium-
bonded onto molybdenum blocks, and outgassed The X-ray diffraction studies (8-20 scan) on
in the loading chamber before being transferred to CdTe (i11) films of various thickness revealed
the growth chamber. After the thermal surface- that the perpendicular lattice constant of the thin
oxide desorption the reflection high energy dec- films quickly approached that of a thick CdTe
tron diffiaction (RHEED) pattern showed a (Il1) film [26]. For example. a film of 64 A thick
streaking 3 x reconstruction dong the [011 (17 monolayers) already had an almost identical
azimuth, indicating an As-stabilized surface condi- lattice constant The PL spectrum at 4.8 K of
tion. The substrate temperature was then de- undoped CdTe (Ill) layers [3] typically exhibited
creased to the typical growth temperature of several strong and well-defined exciton peaks.
300 C. Compound CdTe was used as the source comparable to those observed in bulk CdTe [27,28].
material in growing CdTe layers because it pro- Those peaks consisted of three dominant bound
vided the right flux ratio of Cd and Te, beams as exciton peaks as well as a weaker peak of free
suggested by Farrow et al. [18]. For growing excitons at higher energy. In addition, much
Cd, Mn,Te additional effusion cells containing weaker features present at lower energies corre-

II



1018 J. M. Hong et ol. / Growth and novel properties of magnetic helerostrucures by MBE

, FWHM of the dominant peaks also increases as

10 CxnTe (11) T-5K evidenced from curves lb and Ic. The peak posi-
tions and FWHM are 1.874 eV and 23.3 meV for

S 2 - curve lb and 2.161 eV and 34.3 meV for curve Ic,
Zrespectively. In addition, broader peaks at lower

(energies appear, which have been attributed to the
I formation of bound magnetic polarons around the

,e acceptor site [29]. Introduction of superlattice

(C) buffer of CdTe-CdMnTe at the interface between
C

1.4 1.6 1.8 2.0 2.2 2.4 the CdTe and CdMnTe films seemed to slightly
En-r (Wv) increase the luminescence efficiency but did not

Fig. 1. The PL spectra at 5 K of three CdMnTe films. The affect the FWHM. The increase of FWHM as a
MnTe percentage, PL peak position and FWHM of of the function of MnTe percentage in CdMnTe is shown
dominant peaks are (a) 13%, 1.802 eV, 12.0 meV; (b) 17.5%, in fig. 2. which shows an almost constant slope of
1.874 eV. 23.3 meV; (c) 35.5%. 2/161 eV, 34.3 meV. An Ar incras. t wisnoc tan t hes spe f

laser was used as the pumping source. increase. It is noticed that these CdMnTe films
have luminescence efficiencies almost as high as
those of the CdTe films and no other appreciable

sponded to the first longitudinal optical (LO) pho- impurity- or defect-related peaks at lower energies
non replica of the exciton peaks. were observed. The magnetic behavior of the films

was also confirmed by the magnetic susceptibility
2.2. CdMnTe films measurement to be the same as that of bulk

crystals.
The ability to grow good-quality CdTe films on

GaAs substrates permitted the epitaxial growth of 2.3. CdMnTe heterostructures
bulk films of Cd1 , Mn Te and superlattices of
Cd1 ,Mn,Te-Cd,MnTe on a more similar The results described above show that high-qu-
CdTe than GaAs substrate. Typically, an 1500 A ality CdTe and Cd, - ,MnTe can be grown by
thick CdTe buffer layer was used. The 2 X recon- MBE. which is the necessary step towards achiev-
struction patterns were maintained throughout the ing high-quality Cd, -_, MnTe-Cd, -, MnTe het-
growth. The concentration of Mn was determined erostructures. In order to explore the para-
by electron microprobe measurements, the peak magnetic-spin-glass region of the phase diagram.
position of the low temperature PL spectra, and the magnetic concentrations, x and y. were varied
high temperature magnetic susceptibility data. The
concentration determined from these methods was
self-consistent within experimental errors. Typical 60

PL spectra at 5 K of Cd -,MnTe layers are
shown in fig. 1. In contrast to what was observed Cdnre(1I on ,oAs(100)
in CdTe films only one strong but broader peak is 4

observed. For curve la the observed peak is
centered at an energy of 1.802 eV and has a full z

width at half maximum (FWHM) of 12.0 meV. a
value comparable to those observed in bulk a- 20 -

Cd, -,MnTe with a similar Mn concentration
(29.30]. The observed peak corresponds to recom-
binations of excitons localized near magnetic 01

fluctuations of the magnetic Mn 2' ions 129]. The 0 10 20 30 40
MnTe%

value of x was determined to be 0.13 in this film. Fig. 2. The FWHM of the dominant peak of CdMnTe at 5 K
As the MnTe concentration is increased the as a function of the MnTe concentration.
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from 0% to 40%. The thickness of each layer 15

ranged from 20 to 200 ,. Xo T-K
The X-ray diffraction pattern in the vicinity of k+ Low

the CdTe (111) reflection of a 25 period Cd0 .8 9 0

Mn 0 1 Te-Cd, 65 Mno_ 3sTe superlattices is shown 9

in fig. 3. The nominal thicknesses of both the wells "2
and the barriers are 108 A. The thickness of CdTe 5 -

boffer in this sample was increased to 2 iam. As in e =
the case of GaAs-AlAs SLs 123,31.32] and CdTe- (b)

Cd,, ,Mn,,,Te SLs [3] several diffraction peaks as- 01.4 1.6 1.8 2.0 2.2 2.4
sociated with the SL are observed. The strong Ener (ev)
zero-order reflection from the SL occurs at 0 = Fig. 4. (a) The PL spectrum of a 60 period Cd,,gxMno ,Te(41

11.9110 and almost coincides with the slightly A)-CdO.65 Mn 0 3Je(86 A) SL: (b) same sample configuration.

stronger (111) reflection from the CdTe buffer but the MnTe concentration in the well was increased to 22%.

layer at 0 = 11.8480. The weaker superlattice re-
flections on the high-angle side are designated as CdO, 6,Mn0 3,Te SL has a well and barrier thick-
+ 1. + 2. and + 3 satellites and those on the ness of 41 and 86 A. respectively. The spectrum
low-angle side as -1. -2. and -3 satellites. The shows a strong and dominant peak at 1.846 eV
periodicity of SL determined from the angular with a FWHM of 26.6 meV. When the Mn con-
positions of the peaks was 220 A [32], very close to centration in the well is increased to 22T. the PL
the nominal value designed from the growth rate spectrum, shown in fig. 4b, is still dominated by a
measurements. The perpendicular lattice constant strong peak at a higher energy of 1.987 with a
of this CdMnTe SL is smaller than that of the FWHM of 26.8 meV. The blue shift of the peaks
CdTe buffer layer and the lattice mismatch of the relative to those of the Cd,,sxMnO( 2eTe-Cdo.7
two determined from the peak positions is -0.5%, Mn,-Te indicates the quantum confinement of
in contrast to the case of CdTe-Cd,,,Mn,,,Te SL charge carriers in those wells. Although the excita-
[31. tion source employed has an energy larger than

The PL spectra at 5 K of two CdMnTe SLs are the bandgap of either wells or Cd, 6,Mno.3.Te
shown in fig. 4. In fig. 4a the Cd0 55 Mn,,.,Te- barriers at this temperature. no other peaks with

appreciable intensities were observed, similar to

CdT, 0 those observed in Ga -Al As-GaAs SLs.

-2 i3. Novel properties of CdMnTe heterostructures

GaAs The DMS CdMnTe heterostructures exhibited
2 2 12oo) interesting and novel magnetic behavior and three

examples are described in the following. The first
.5 concerns the intrinsic magnetic behavior of the

jaal DMS SLs. while the remaining two exploit the

strong spin-spin exchange interaction between the
0 Rcharge carriers and local magnetic moments of

10 12 14 16 18 Mn2  ions.
0 (deg)

Fig. 3. The X-ray diffraction pattern (0-20 scan) of a 25 3.1. Dimensional cross-over studies
period Cd,,,nMn,, 1 Te(108 A)-Cd,, 5 Mn,, Te(86 A) diluted
magnetic semiconductor superlattice in the vicinity of the
(dTefll) reflection. The X-ray energy and intensity used Enormous theoretical effort has been expended

were 50 kV and 60 mA. respectively, on the role of dimensionality for spin-glasses and

Si
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Fig. 5. Magnetic suseptibiity of ('d,,,Mn, Te-('dTe superlattice, with 86 A CdTc layers and (a) magnetic laLer thickness, L t

A. 25 period.s. I h) magnetic laver thickness L = 40 A. 50 periodt.,. and (c) magnetic laver thickness L = 2-0 A. 100 perio~ds, The vertical
scale markerts correspond to 2 X 10 ' emui.g.

the question of the lower critical dimension (the Cd ,Mn,Te crystals of the same Mn dilution,
dimension below which systems cannot support showing a cusp at the spin-glass transition temper-
long-range spin-glass order) [33]. Our results, in ature of T = 3.8 K and a I/T divergences in the
the following, on spin-glass behavior in the DMS lower temperatures [34].
('dMnTe-CdTe SLs. as the magnetic layer thick- As the width of the magnetic layer is reduced
ness is systematically reduced towards the two-di- by a factor of two, but still above the magnetic
mensional (2D) limit, suggest that the 3D system percolation threshold for this geometry [7]. the
can support long-range spin-glass order at finite magnetic response is considerably different, as
temperatures, but that the 2D system cannot, shown in fig. 5b. This thinner 40 A layer shows a
These data are consistent with theoretical expecta- rounding and broadening of the transition at T1_
tions that the lowest critical dimension for spin- consistent with there being no true spin-glass order
glasses is greater than or equal to two [33]. in two-dimensional systems. The rounded maxi-

Examples of the magnetic measurements may mum signals the development of significant
be seen in fig. 5, showing the AC magnetic sus- short-range order, but its broadness implies that
ceptibility of Cd 0 0 Mn 0. 0Te-CdTe superlattices the establishment of long-range order has been
with systematically thinner magnetic layers. The blocked. This therefore suggests that the absence
thickness of the nonmagnetic CdTe was kept con- of a spin-glass transition in fig. 5b reflects the
stant at 86 A, whereas that of the magnetic inability of the 2D system to support spin-glass
('d, ,MnTe was varied from 86 to 18 A. The order.
data for the geometry of fig. 5a yields results Data taken for a still thinner sample are shown
which are similar to those obtained from bulk in fig. 5c. Here even the broadened maximum of
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fig. 5b has disappeared; the susceptibility in- 1Cd 935Mn 065Te-Cd 62Mn3 Te

creases monotonically with decreasing tempera- (a) L = 84 A T=455.5'mK L 84"A
ture. demonstrating the limited capacity of these
thin layers to sustain even short-range order in the
temperature range studied. Again, this system is
close to but still above its percolation threshold
and so one cannot expect a transition to occur -

except at extremely low temperatures. Further- ( = 42
more, a hysteresis behavior is observed only in
these thinnest samples, suggesting that its occur- .-
rence is associated with this system's reduced
capacity to sustain even short-range order in equi- C
librium near the bulk Tc 

=1

3.2. Magnetic manifestation of carrier confinement

The carrier confinement in CdMnTe quantum
wells can be revealed not only by traditional
methods of studies such as optical absorption, PL, 1.6 1.7 1.8 1.9 2.0 2.1
and PLE measurements, but also by the study of Energy (eV)
the optically induced magnetism in these systems. Fig. 6. Magnetic response as a function of pumping energy of 3

The magnetism is induced by the spin-polarized Cd(,g,,Mni,,Te-CdI6 .MnojsTe superlatticeswith fixed bar-

carriers, created by circularly-polarized laser light, rier thickness of 86 A and varying well thickness.

through the local spin-spin exchange interaction
with the magnetic moments. The regions of mag-
netization, therefore, match the spatial extent of 3.3. Magnetic-field-induced type I to type II transi-
the carrier wavefunctions. which can be easily tion
varied by changing the width of the quantum well
or by exciting the carriers into higher quantum The exchange interaction between the magnetic
levels. ions and carriers in DMS leads to a large spin

Shown in fig. 6 are the magnetic data of three splitting in these materials with the applied mag-
quantum wells with systematically-reduced well netic fields, B [35]. This effect and the possible
widths [8]. The optical excitation is in the form of small value of the valence band offset AE, lead to
picosecond pulses from a tunable dye laser syn- the observation of a type I to type II SL transition
chronously pumped by a frequency-doubled, as induced by the magnetic fields in ZnSe-ZnFeSe
mode-locked Nd-YAG laser and the data is [36] and CdTe-CdMnTe SLs [37]. In the former a
time-averaged. There is an increase in the mag- very small AE, and a large strain made the sys-
netic response when the pumping energy coincides tem a Type II SL at B = 0. In the latter, for
with the excitonic energy of the levels. In the example, a 25 period CdTe(86 A)-Cd0 .93 Mn 0 .0 7
sample with 84 A well width (fig. 6a), the effect of Te(86 A) SL, the experimental results from PL
the quantum levels is clearly seen, with definite PLE, and reflectivity measurements and theoreti-
peaks at about 1.75 and 1.88 eV and a weaker cal calculation indicated that the SL was of type I
feature at 1.98 eV, approximately the energies at B = 0. As B was gradually increased a well-
calculated from a simple Kronig-Penney model marked bump in the field-dependence of the o-
for excitons associated with n = 1. 2, and 3 sub- component of the fundamental E,-HH, excitonic
bands. For samples with narrower well widths the transition and a break in the variation of the
number of peaks is reduced and the peak energies associated luminescence efficiency revealed that
shift to relatively higher energies as expected. the SL became a type II at approximately B = 2 T.

I2
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Based on these experimental results a theoretical J.K. Furdyna and J. Kossut, Eds., Semiconductors and

calculation, taking into account the change in Seimetals, Vol. 25 (Academic Press, New York. 1988).

excitonic binding energy with B, obtained a value [7] D.D. Awschalom, J.M. Hong, L.L. Chang and G. Grin-
stein, Phys. Rev. Letters 59 (1987) 1733.of A E/AEg = 15-20% at B = 0, where A[E8 is the 81 D.D. Awschalom, J. Warnock. J.M. Hong, L.L. Chang,

bandgap difference between CdTe and M.B. Ketchen and WJ. Gallagher, Phys. Rev. Letters 62

Cd 93Mn 0.07Te. (1989) 199.
[91 M.R. Freeman, D.D. Awschalom, J.M. Hong and L.L.

Chang, Phys. Rev. Letters 64 (1990) 2430.

1101 H. Munekata, H. Ohno, S. von Molnar, A. Segmuler, L.L.
4. Summary Chang and L. Esaki, Phys. Kev. Letters 63 (1989) 149.

[11] U. Debska, M. Died, G. Grabecki, E. Janik, E. Kierzek-
MnTe DMS SLs Pecold and M. Kimkiewicz, Phys. Status Solidi (a) 64

The CdtxMnj~e-Cdt n. DMS s(1981)707.

grown by MBE were shown to exhibit excellent [12] L.A. Kolodziejski, R.L. Gunshor. S. Datta, T.C. Bonsett,

structural and optical qualities for various mag- M. Yamanishi, R. Frohne. T. Sakamoto, R.B. Bylsma.

netic concentrations and magnetic layer thick- W.M. Becker and N. Otsuka. J. Vacuum Sci. Technol. B3

nesses. Tuning these two magnetic layer parame- (1985) 714.

ters allowed the study of magnetic behavior in [13] R.N. Bicknell, N.C. Giles-Taylor, D.K. Blanks. R.W.
Yanka. E.L. Buckland and J.F. Schetzina, J. Vacuum Si.
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studies of the spin-glass transition, magnetic N. Naunh, Semicond. Sci. Technol. 3 (1988) 1193.
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t 1 SL transton as induced by the mag- S. Hwang and J.F. Schetzina, Appl. Phys. Letters 53

to type I(1988) 1279.
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Evaluation of a new plasma source for molecular beam epitaxial
growth of InN and GaN films

W.E. Hoke, P.J. Lemonias and D.G. Weir
Raytheon Research Division, Lexington. Massachusetts 02173. USA

An RF plasma source has been integrated into a molecular beam epitaxial system for growth of nitride films. Using an optical
detector on the source, the presence of nitrogen atoms in the N2 plasma region is deduced as a function of operating conditions. The
plasma source has been used to grow hexagonal wurtzite films of InN and GaN. The film-substrate interface is more abrupt for GaN
than InN films. For site competition the active nitrogen species from the plasma is found to incorporate more readily than As,.

1. Introduction 2. Experimental

Of the various Ill-V compound systems, the The nitride films were grown in a diffusion
nitride system is one of the least developed. How- pumped VG-80H MBE machine which was con-
ever, column lll-nitrides have attractive material tinuously cooled with LN2. Standard high purity
properties. For example, .- st of the compounds solid sources were used for gallium, indium, and
are direct semiconductors and have large band- arsenic. High purity N, Ar, and/or H2 were
gaps. Consequently the potential for various opti- flowed through the plasma source mounted on the
cal applications is present. Also InN has been growth chamber. For a nitrogen flow of 10 SCCM
reported by one group [I] to have a relatively high the system pumping speed produced a chamber
electron mobility for its bandgap of 1.9 eV. How- pressure of 2 x 10 - 4 Torr. The corresponding
ever, InN is a difficult material to prepare due to mean free path at room temperature for N, is 25
its low thermal stability. The material decomposes cm.
at 500°C in a N, ambient (21 and at 300°C in air A major challenge in the growth of nitride films
13]. Consequently low growth temperatures are is the generation of a sufficient flux of reactive
required with a reactive nitrogen species present. nitrogen species. In this work an Oxford Applied
Film growth with NH, or amine compounds is Research radical source (Model MPD21S) shown
made difficult by the relatively high thc.mal sta- in fig. I was used as a remote nitrogen plasma
bility of these compounds at low temperatures. source. The source operates at 13.56 MHz with a
Also the presence of a reactive nitrogen species maximum power of 500 W. The bakable radical
complicates material growth in reactor systems source is conflat flange mounted in an MBE fur-
operated near atmospheric pressure due to gas nace port with the conventional distance of 15 cm
phase reactions. between the end of the radical source and the

InN films have been deposited using N, plas- substrate. To minimize contamination of III-V
mas directly (4-7] as well as RF sputtering (1.8- films the discharge is electrodeless and the plasma
10]. In this work we examine the nitriding capabil- is contained in a PBN (pyrolytic boron nitride)
ities of a new radical source for growth of InN discharge tube capped with a PBN exit plate.
and GaN films. The source utilizes an RF plasma Since the plasma is at the end of the radical
and is compatible with molecular beam epitaxy source, recombination of excited species is re-
(MBE) technology. duced. An important feature of the design is that a

0022-0248/91/S03.50 ') 1991 - Elsevier Science Publishers B.V. (North-Holland)
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Conflat Flange
Optical 1 Water-Cooled

Detector Water Feed Gas Feed RF Coil

g -- --- --- -

Window /  "

Gas Inlet RF Matching RF Shield
unit PBN Discharge Tube

PBN Beam
13,56 MHz Exit Plate500 Watts

RF Generator

Fig. 1. Schematic of MBF compatible radical s.urce.

silicon photodiode sites down the center of the Various studies on nitrogen plasmas have shown
plasma to detect radiation coming from the plasma that nitrogen atoms are predominantly produced
region. Due to the higher plasma pressures the in the ground AS state [111]. These atoms can then
radical source produces considerabl, fewer ions recombine to form an excited N, molecule with
than an ECR source. It is also less expensive- internal energy nearly 10 eV above the ground

Nitride films were deposited on GaP(l I1), electronic state. An important relaxation pathway
GaAS(l0)), and (iaAs(Ill) substrates. Prior to involves the allowed B"11, -, A'2 transitions
growth the substrates w?.ere heated in an arsenic which produce the vello, Levis-Rayleigh after-
flux to remove the surface oxides. For substrate glow with the strongest emission line at 5820 A.
temperatures above 450' C, an Ircon Model V Neglecting temperaturo ffects. the intensit\ of
pyrometer wAas used to measure temperature. Be- this afterglow has been shown to be proportional
low 450'C the substrate temperatures are esti- to the pressure. P. and the square of the ground
mates based on the correlation at higher tempera- state atomic nitrogcn concentration. [. ( 4S)j (see
tures between the substrate thermocouple temper- refs. [1,1 21):
atures and pyrometer readings. -3.1 X \ [ , ( S ) I ' ( I )

Consistent with this relationship is the observation
3. Plasma operating characteristics that BI11, - A2,X transitions (5000 7000 A) were

necessary for plasma deposition of silicon nitride
The radical source has been used to create 113].

plasma, in N,, Ar. I.. and various mixtures of The capabilit-, of the radical source for produc-
these gases. The plasmas are contained in the ing ground state nitrogen atoms was qualitativel
discharge tube and do not extend into the growth examined using the optical detector. Filters were
chamber. Two beam exit plates were used with placed in front of the detector so that the 5000
conductances of 3.4 and 10 L/s. With on-flange 7(0)0 A emission band was measured as a function
tuning nitrogen plasmas could be matched with of nitrogen flow and input power. In fig. 2 are
less than I W reflected power. No perturbation of plotted the detected emission signal as a function
nearby thermocouple readings or temperature of flow rate at 350 W input power for the two
control circuitry has been observed with input orifices. For the 3.4 L!s orifice, the emission
powers up to 5(X) W. initiall, increases rapidly with flow and then be-
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gins to level off at roughly 12 SCCM. The corre- used as a Faraday cup. With the 3.4 L/s orifice,
sponding curve for the 10 L/s orifice is skewed to 10 SCCM flow of N2. and 400 W power, a small
higher flows since the increased conductance re- negative current of 10 ILA was measured. How-
duces the pressure and consequently the recombi- ever, under the same conditions with the 10 L/s
nation rate in the plasma. Evidence of reduced orifice a positive current of 200 u A was observed
recombination can actually be observed. With the which increased with increasing input power. A
10 L/s orifice, a purplish-blue fluorescence from likely explanation is that the lower plasma pres-
an excited species is observed in the growth chain- sure with the 10 L/s orifice reduces the recombi-
ber which is only very weakly seen with the 3.4 nation of N' ions. The presence of N* ions is
L/s orifice, often observed in nitrogen discharge [11]. Con-

The power dependence of the emission is also sistent with this explanation is that the ion current
given in fig. 2 for the lower conductance orifice is reduced with increasing flow rate and thus
and a N. flow of 10 SCCM. Below approximately plasma pressure. These results indicate that orifice
80 W the plasma is not stable resulting in low size has an important effect on recombination of
emission. Above 80 W the intensity initially rises atoms and ions. However. the ion densities mea-
rapidly and then begins to level off. From eq. (1) sured here (less than 0.1%) are still considerably
and the data in fig. 2. the estimated atomic nitro- less than that obtained with an ECIR source.
gen concentration at 250 W is approximately 80%
of that at 500 W. A similar power dependence
curve is obtained for the 10 L/s orifice. 4. Nitride film growth

The presence of ions in the radical beam was
also examined. A 3' inch diameter tantalum disc Due to the above mentioned thermal instability
was mounted on the substrate manipulator and of InN. growth of InN is a critical test of the
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100 200 300 400 500

Cd 60I

0-

60

>0

(n

0

o 55...

0

o 0
In I

(:3) 0
z 0J

l2- 20 a
z

0 10"(I)
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4 8 12 16 20 24 28 32 36 40
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Fig. 2. Detected emission signal (5000-7000 ,A wavelength hand) at 350 W power as a function of now for the 3.4 L/s orifice (o) and

the 10 L/s orifice (n). Detected emission signal as a function of input power( ) for the 3.4 I /s orifice at t0 SCCM N, iow.
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3the higher conductance orifice. Hexagonal InN
(a) tnN on GaP (111) films were also grown on GaAs (111) and (100)

z zu zsubstrates. Due to the significant lattice mismatch
0 between substrate and film the narrowest X-ray

0 linewidth for these initial InN films was 0.7'.

Sble for thicker films grown on sapphire substrates

z= with an AIN buffer layer [14].

> -The effect of substrate temperature on InN
growth was examined using the 10 L/s orifice.

A Typical growth conditions were a nitrogen flow of
0 3S pa po o3 Wa nd
20 30 40 50 60 70 80 30 SCM plama power of 350 W, and indium

2 -flux resulting in a growth rate of 0.25 Am/h. (The
>- reactive nitrogen flux from the plasma at 5 SCCM

(b) GaN on GaAs (100) is sufficient for InN growth. The effect of the
z lower flows on InN film properties has not been
z- studied yet.) Under these growth conditions InN

films were deposited from approximately 80 to

cc - 450'C. The smoothest surface morphology was
z obtained at 350 'C with the red-tinted films being

u 0 -quite reflective to the eye. The surface morphology
_- became increasingly rougher in going from 400-

L. 450 C. Fig. 4a is an Auger depth profile of a 5000
0 : -- A InN film grown on a GaP substrate at 350'C

20 30 40 50 60 70 80 for 2 h. The nitrogen content is not profiled due to
20 (DIFFRACTION ANGLE) interference with the strong indium Auger signal.

Fig. 3. X-ra, diffraction spectra of a (1) 5000 ,A InN film on Some interdiffusion at the substrate-film interface
GaP IlI) and (h) 5000 A GaN film on GaAs(100) substrate, is indicated in fig. 4a.
For clarits the substrate diffraction peaks have been attenuated. The growth of GaN films was examined. Due

to the stronger gallium-nitrogen bond and related
radical source's capability for production of suffi- higher thermal stability of GaN compared to InN.
cient fluxes of reactive nitrogen atoms and mole- the nitrogen flow requirements were less for GaN
cules. Initial InN runs were made with the lower growth than InN growth. Also, GaN films could
conductance orifice at 300-400'C and 10-30 be more readily obtained with the 3 L/s orifice.
SCCM flow of N. The X-ray spectra of the films An X-ray diffraction spectrum is given in fig. 3b
indicated powder-like InN films with (101), (110), of a GaN film grown with the 10 L/s orifice at
(102), and (103) reflections observed. By changing 600'C and only 1 SCCM of nitrogen diluted in
the orifice to 10 L/s film quality significantly argon. The (002) and (004) diffraction peaks indi-
improved. Fig. 3a is an X-ray spectrum using Cu cate that the film has the hexagonal wurtzite crystal
Ka radiation of a 5000 A InN film grown on structure with the c-axis normal to the film surface.
( 11) GaP. The film was deposited at 350'C with An Auger depth profile is given in fig. 4b of the
a N, flow of 30 SCCM and a growth rate of 0.25 5000 A thick film which was grown for 2' h at
gm/h. The InN film has the hexagonal wurtzite 600°C on a GaAs substrate. The substrate-film
crystal structure with the c-axis perpendicular to interface is quite abrupt and much sharper than
the film surface. Only the InN (002) and (004) that obtained with InN despite the considerably
planes are observed. The reason for the improve- higher growth temperature. The higher strength of
ment in film quality is probably due to the re- Ga-N bonds compared to In-N bonds may be a
duced recombination in the plasma source with primary reason for this result.

• Ih . .. . .
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6- X-ray diffraction measurements the resulting film
P was determined to be GaN indicating the highly

reactive nature of active nitrogen species.
(a) inN on GaP In conclusion a new, plasma source has been

cc 4-integrated into an MBE machine for growth of

Ga hexagonal InN and GaN films. Using an optical
Z detector the presence of nitrogen atoms has been

examined as a function of operating conditions.
W The plasma orifice size has an important effect on

recombination of atoms and ions which affects
nitride film growth. Film -substrate interdiffusion
is observed to be significantly less for GaN as

0 6 2compared to InN. The active nitrogen is found to
0 2 18 24 30 36 42 be considerably mnore reactive than As-.

SPUTTER TIME (MIN.)
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Heteroepitaxial growth by Van der Waals interaction in one-, two-
and three-dimensional materials

Atsushi Koma. Keiji Ueno and Koichiro Saiki
Department of Chemisirv, Unitersin. of Tokyo. Bunkyo-ku. Tokyo 113, Japan

The lattice matching condition usually encountered in heteroepitaxial growth has been found to be relaxed greatly when the
interface between constituent materials has Van der Waals nature and forms no direct chemical bonds. Layered transition metal
dichalcogenides are the typical materials having that nature, and a variety of heterostructures can be grown by using them. This kind
of approach has been proved to be applied also to heteroepitaxial growth between such quasi-one-dimensional materials as tellurium
and selenium, that onto dangling-bond terminated three-dimensional material substrates, and that of organic materials forming Van
der Waals type crystals.

1. Introduction ing, the idea of Van der Waals epitaxy can be
applied to rather a wide choice of materials, indi-

Molecular beam epitaxy has opened a new way cating its usefulness to realize various kinds of
to grow ultrathin heterostructures with atomic heterostructures.
order thickness. but so far good heterostructures
can be grown only between very limited combina-
tions of constituent materials because of the severe 2. Materials to which Van der Waals epitaxy is
lattice matching condition to be satisfied. This applicable
comes from the fact that there are usually dan-
gling bonds on the surface of a substrate material
and that those dangling bonds can not be con- TbeIsosavreyo aeast hcanctd tot thoe ams bos rn ata whout we have proved Van der Waals epitaxy is applica-n ec ted to th e a to m s o f g ro w n m a te ria ls w ith o u t bl . T e m t r a s x e n f o m q si n -d e -
good lattice matching between the substrate and ble. The matree-dimen-
the grown materials (see fig. la). The lattice
matching condition, however, has been found to
be greatly relaxed, when the heteroepitaxial growth 2. !. Quasi-one dimensional materials
proceeds with Van der Waals interaction. A typi-
cal example is the growth of a layered material Selenium and tellurium are column VI element
onto a cleaved face of the other layered material semiconductors and have peculiar crystal struc-
having no dangling bonds (see fig. lb). We have tures consisting of atoms in spiral chains. The
called that type of epitaxy Van der Waals epitaxy atoms in a chain are bound to each other with
11 -4). It has been proved that an ultrathin film strong covalent forces, whereas the chains are held
with its own lattice constant can be grown by the together only via weak Van der Waals forces.
Van der Waals epitaxy even under the existence of Thus they are considered as quasi-one-dimen-
lattice mismatch as large as 50%. It has also been sional ones in the sense that the atoms are strongly
shown that a very abrupt interface with small bound to each other only in one direction. The
amounts of defects can be fabricated by Van der crystal can be cleaved easily along the chains
Waals epitaxy because of the nonexistence of the without producing dangling bonds on their
dangling bonds [5]. As will be shown in the follow- surfaces, onto which Van der Waals epitaxy is

0022-0248/91/S03.50 1991 Elsevier Science Publishers B.V. (North-Hollandl
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formed of unit layers consisting of transition metal
atoms sandwiched by chalcogen atoms. Atoms in
a unit layer are bound to each other by strong
covalent bonds, whereas the layers are held to-
gether only via weak Van der Waals forces. Thus
they are easily cleaved parallel to the layers, and
no dangling bonds appear on their cleaved surface.
Therefore it is expected that growth of a layered
material onto such surfaces proceeds via Van der

a Waals forces, resulting in the relaxation of the
lattice matching condition. There are such insula-
tors as HfS, such semiconductors as MoS 2 and
MoSe2, and such superconducting metals as NbS,
and NbSe2 among TX,'s. So, the fabrication of
various kinds of heterostructures using those as
constituent materials has become a distinct possi-
bility. Van der Waals epitaxy is possible between
any combination of those materials.

b Recently. Van der Waals epitaxial growth of

MoSe 2 has been successfully made on a cleaved
face of SnS2 [71. which is also a layered material
but different from TX,'s. Moreover, it has been
proved that MoSe 2 and NbSe, can be grown on a
cleaved face of muscovite, a kind of mica [8,9].
Although muscovite is a layered material, it has a
much more complicated crystal structure than TX,

C and its lattice constant is larger than that of TVby 50%. It is expected from those facts that Van

Fig. 1. Interfaces connected by fa) active bonds. (b) Van der der Waals epitaxy is possible between any layered
Waals gap, and Ic) quasi Van der Waals gap. materials regardless of their crystal structures and

of their lattice constants.

possible. Although the lattice mismatch along the
c-axis (the chain axis) is as large as 20%, ultrathin
selenium film of good quality has been proved to Table I

grow on a cleaved face of tellurium f61. Recently Materials grown with Van der Waals epitaxy: TX 2 denoted a
we have also succeeded in growing heterostruc- transition metal dichalcogenide

tures of Ti/Se/Te. Material group Materials grown with VdWE Ref.

Quasi-ID Se/Te 151

2.2. Quasi- two-dimensional materials (layered Te/Se/Ta

materials) Quasi-.D TX, /TX, 11-41
TX 2/Sn.S [71
TX//mica 18.91

Transition metal dichalcogenides (TX,. T Quasi-2d on 3D TX, /S-GaAs( 11I) 1121
transition metal X = chalcogen) are the most sui- TX,/CaF=(Ill) 1121
table materials for the Van der Waals epitaxy. Organic Phthalvanine/TX,
They have layered crystal structures, which are rh n
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2.3. Van der Waals epitaxv onto dangling-bond- we have succeeded to grow Pb-, Cu- and VO-
terminated surfaces phthalocyanine films on cleaved faces of MoS2.

Cu- and VO-phthalocyanine molecules have been
So far, Van der Waals epitaxy has been limited found to form square lattices on cleaved faces of

to the heteroepitaxial growth between quasi-one- MoS, whereas Pb-phthalcyanine forms rectangu-
or quasi-two-dimensional materials. If it can be lar lattices. The axes of those lattices align to that
applied to widely used three-dimensional materi- of hexagonal lattice of MoS, which result in
als, its application field will be greatly extended. forming three equivalent domains. This is our first
As is mentioned above, there appear dangling application of Van der Waals epitaxy to organic
bonds on a clean surface of an ordinary material, materials, and this type of approach will be ex-
which prevents good heteroepitaxial growth of a tended to the growth of thin films of vast organic
layered material on it. But growth with Van der materials.
Waals forces becomes possible if regular termina-
tion of the surface dangling bonds is accomplished
as is shown in fig. Ic and if it is kept stable even 3. Characterization of ultrathin heterostructures
at high temperatures required for good epitaxial grown with Van der Waals epitaxy
growth. Sulfide treated GaAs (111) surface seems
to be the most suitable candidate for that purpose. In situ observations of reflection high energy
since it was found that the surface dangling bonds electron diffraction (RHEED) have been done
are regularly terminated with sulfur atoms up to during the growth of all materials mentioned
520'C [10]. Epitaxial growth of semiconducting above. The most striking finding from the RHEED
MoSe, and superconducting NbSe. on (NH 4 ).S,- observation is that the heteroepitaxially grown
treated GaAs (111) surfaces have been tried suc- film has its own lattice constant even at the inter-
cessfully [11]. face with a substrate material having large lattice

Another promising three-dimensional substrate mismatch. This is much different from the case of
material is CaF,. It has been found that the (Ill) strained superlattice, in which the lattice constant
surface of CaF (cleaved face) is covered with F is forced to be the same as that of a substrate [15].
atoms resulting in its very inactive nature [121. Nevertheless, the crystal axes of the grown film
This inactive nature brings about difficulty in and the substrate align well to each other. Such
good heteroepitaxial growth of such a typical features have also been confirmed by recent trans-
three-dimensional material as GaAs on it 1131, but mission electron microscope observation of a
it is favorable to Van der Waals epitaxy of a MoSe,/SnS, heterostructure 171. Thus the sub-
layered material on it. We have succeeded in grow- strate and the film grown on it with Van der
ing an ultrathin film of MoSe, on a cleaved face of Waals epitaxy are usually incommensurate, but
CaF. [141. CaF, is a well-known insulating material they are rotationally-commensurate. This is the
lattice-matched to silicon, and good heteroepi- most characteristic feature of Van der Waals epi-
taxial films can be grown on Si [131. Thus the taxy, which causcs the relaxation of the lattice
present method makes it possible to grow hetero- matching condition.
epitaxial layers of various transition metal dichal- The abruptness of the interfaces of heterostruc-
cogenides on a Si( I l) substrate by putting an tures grown with Van der Waals epitaxy has been
intermediate CaF, layer between them. measured bv non'lestructive in-depth profiling by

low-energy electron energy loss spectroscopy [5].
2.4. Organic' materials The interfaces between MoSe./ MoS, [51,

MoSe,/CaF [141 and NbSe,/S-GaAs [1ll have
Van der Waals epitaxy seems to have potential been found to have abruptness as sharp as 0.1 nm.

application to heteroepitaxial growth of organic The top surfaces of heterostructures grown with
material thin films, because many organic material Van der Waals epitaxy are almost free from con-
crystallize with Van der Waals force. Very recently tamination. even under atmospheric pressure. be-
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Growth of MoSe 2 thin films with Van der Waals epitaxy

F.S. Ohuchi, T. Shimada *, B.A. Parkinson

Central Research and Development Department. Experimental Station, E.I du Pont de Nemours and Company, Wilmington.
Delaware 19880. USA

K. Ueno and A. Koma
Chemistry Department. University of Tokyo. Hongo. Bunkyo-ku, Tokyo 113. Japan

The concept of Van der Waals epitaxy that has been recently introduced removes severe lattice matching requirement by using
materials which only have strong bonding in two dimensions. We demonstrate that an epilayer of MoSe, deposited on various
substrates can produce films of high crystalline quality despite oi large mismatch. RHEED oscillation, observed in-situ for growing
MoSe2 epilayers. shows a laver b,-iayer growth with evidence for bilayer type growth. from which the 2Hb polytype is determined.
STM provides real space images of the morphology of the epilayer, and shows novel structures resulting from the large lattice
mismatch where the epilayer atoms are commensurated.

1. Introduction metal (metal)-chalcogen layers held together by

Van der Waals forces, thus a pronounced struct-
Heteroepitaxy with a large lattice mismatch ural anisotropy resulting from strong chemical

offers the possibility of combining materials with bonds in 2D results in these materials having
a wide variety of properties. Today, much effort unique properties. Changing either the metal or
has been paid to molecular beam epitaxy (MBE) chalcogen can alter the electronic structure from
with strained or graded layers to accommodate the superconductoring to insulating. Therefore the
lattice mismatching, yet the concept of Van der flexibility for fabrication of multilayer structures
Waals epitaxy (VDWE), recently introduced by us containing different materials selected for their
[1.2J. removes this constraint by using materials specific physical and chemical properties, rather
which have strong bonding only in two dimen- than their lattice match. makes ihis an exciting
sions (2D). The materials which crystallize in 2D new area for investigation.
structures include many transition metal dichal- We present VDWE growth of MoSe, thin films
cogenides, monochalcogenides. and tin sulfides on SnS2 (0001) , MoS,(0001) and GaAs(lll)
and selenides. VDWE is the growth of such 2D surfaces. While the identity of the substrate
materials, one upon the other, where the layers are strongly influences the growth process in conven-
bound together by the relatively weak Van der tional epitaxy, the substrates that have been
Waals forces. Many metal chalcogenide materials selected in the present investigation differ from
have 2D structures characterized by chalcogen- each other both electronically and structurally, yet

a high quality epitaxial thin film can be grown by
VDWE. In this paper we focus on the growing

Also at Chemistry Department. University of Tokyo, Hongo. process of VDWE and resultant unique properties
Bunkyo-ku, Tokyo 113, Japan. of the heterointerfaces.
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2. Experimental

The MBE system used in the present investiga-
tion is described in detail elsewhere [3]. Briefly,
the system consists of growth and analysis cham-
bers separated by a gate valve. In the growth
chamber, a conventional Knudsen cell and an
electrostatically focused evaporation source pro-
vide Se and Mo molecular beams, respectively,
which are directed toward the heated substrate.
Reflection high energy electron diffraction
(RHEED) was used to monitor the growth pro-
cess. The variation of RHEED patterns can be
recorded with a video camera and the video sig-
nals are further processed to extract RHEED
oscillations during the growth. Further details are
found elsewhere [4]. In the analysis chamber, a
double pass cylindrical mirror analyzer was used
to analyze the composition and the electronic
structure of the epitaxial films. After growth of
the desired thickness of MoSe. , the specimens
were removed from the MBE system and further
characterized by various methods including X-ray Fig. 1. RHEED patterns observed from (1) (11201 and (b)

photoelectron spectroscopy (XPS), transmission [10101 azimuthal angles for MoSe2 thin film epitaxially grown

electron microscopy (TEM), low energy electron on a SnS2 substrate with a coverage less than I monolayer.

diffraction (LEED). and scanning tunneling mi-
croscopy (STM). Unlike conventional materials,
the present materials are inert to ambient condi- the deposition proceeded along with streaks asso-
tions (02, H,0), which makes ex-situ analysis va- ciated with MoSe2. In all three cases, the streaks
luable. from the substrate and the growing thin film are

azimuthally aligned, suggesting the overlayer is
epitaxially grown with their hexagonal edge aligned

3. Results and discussion to those from the substrate. Shown in fig. 1 are
RHEED patterns obtained from MoSe2 deposition

3.1. Growth characteristics on a SnS2 substrate, in which the lattice mismatch
is about 10%. Co-existence fo both substrate and

The RHEED patterns from a substrate have deposit RHEED streaks is an indication of forma-
information about the substrate cleanliness and tion of a fractional monolayer coverage. The lattice
crystallinity. Elongated streaks from [1120l and constant for the deposit calculated from the streak
[10101 azimuthal angles of these substrates reveal interval was 3.29 ± 0.05 A, close to the published
no surface reconstructions. Prior to initiation of value of 3.288 A for 2 Hb-MoSe2. suggesting that
MoSe2 growth, the substrate surface was exposed even for less than one monolayer, the MoSe2 films
to a Se flux at a temperature of more than 250 0 C. are grown with their own lattice constants main-
No changes in the streak intervals were identified, tained despite the lattice mismatch. Further growth
indicating that the Se species do not adsorb or of the MoSe 2 layer resulted in substrate patterns
react with the surfaces. When the Mo flux was completely fading out, leaving only the epilayer
initiated, the substrate patterns immediately faded streaks indicating the formation of a crystalline
out for a short period of time, then reappeared as MoSe2 thin film. The high crystalline quality of

..
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the epilayer is evidenced by sharp elongated one monolayer of MoSe2 on the substrate, the
RHEED streaks. Nearly identical LEED patterns observed period from the (1,0,11.5) beam is ex-
to those observed from single crystalline MoSe, actly twice that from the specular beam, indicating
specimens have also been observed. Azimuthal a bilayer growth mode. This bilayer-mode oscilla-
alignment for the epilayer to the substrate was tion is related to the stacking structure of the
further confirmed by selected area electron dif- growing films. Bulk MoSe 2 single crystals exhibit
fraction (SAD) in the transmission electron micro- several polytypes. The 2 Hb polytype has the ad-
scope. The observed SAD pattern consists fo a jacent layers rotated by 1800 [5]. In this polytype
mixture of two rotationally aligned hexagonal pat- the c-axis of the unit cell contains two layers,
tcrns, corresponding to those from the substrate accounting for the bilayer-mode oscillations.
and the epilayer. Detailed discussion can be found Kinematic theory also predicts that the diffraction
elsewhere (3]. maxima will occur in the bilayer-mode for 2Hb-

Much interest has recently been focused on the MoSe2. This model predicts a prominent bilayer-
observed oscillations in the intensity of RHEED mode oscillation occurring at either (1,0,3.5) or
patterns during epitaxial growth. In MoSe2 thin (1,0,11.5). The (1,0,11.5) diffracted beam was used
film growth, an oscillation in RHEED intensities in the present experiment.
has been observed. While the observed oscillatory
behavior is an indication of 2D layer-by-layer 3.2. Epilayer structures
growth of MoSe2 thin films, further analysis al-
lows us to determine the polytype (variation in An epilayer of one 2D material deposited with
layer stacking sequences) of MoSe 2 thin film VDWE onto another can produce films of high
crystals. Shown in fig. 2 is the RHEED intensity crystalline quality despite large lattice mismatches
versus time plot during the growth of MoSe2 on most likely because there is no covalent bonding
(111)GaAs at 620'C, where intensities of the between these layers. However, the Van der Waals
specular and the non-specular (say (1,0,11.5)) dif- forces which hold the layers together in the pure
fracted beams have been chosen for display. While crystal still operate on the epilayer. The most
the oscillation period from the specular beam cor- stable site for a chalcogenide atom of the epilayer
responds precisely to the time required to deposit is one of the trigonal sites between the chalcog-

enide atoms of the substrate and above one of the
trigonal sites containing a metal atom. Subsequent
deposition will produce a strongly 2D bonded

near specular point epilayer with the two HCP lattices going in and
out of phase. A 2D model of the interface with the
substrate and epilayer represented as different
sized circles is shown in fig. 3. The results is that

t>" 4 6 7 the lattice of the epilayer can be slightly distorted
S19by the substrate lattice. This distortion can be

-I measured by scanning tunneling microscopy
near 1,0,11.5 (STM) due to the superior z resolution of the

S rSTM which is, in principle, less than the width ofMI

IUz an atom. Shown in fig. 4 is STM image of several
l monolayers of MoSe 2 grown on a MoS2 substrate

2 (lattice mismatch of 4%). Triangular regions can
5 be clearly seen and appear to be commensurate

even when a molecular step is present. The size of
TIME the substructures, D, can be predicted using the

Fig. 2. RHEED intensity variation with time during the growth moir6 equation and the a-axis lattice constants of
of MoSe2 thin film on GaAs(t1). the two material (d, and d2 ): D = dtd 2A d, - d 2 I,

4
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Fig. 3. A top view of the interface of two unrotated hexagonal (nm)
closest packed lattices with a 10% lattice mismatch. 6

which gives a value of 80 A whereas the actual size
varies between 70 and 80 A. The size of the 4
structures with the extent of the lattice mismatch
was also examined for MoSe2 grown on SnS2 , 2
where the lattice mismatch is 10%. The resulting
structure shows similar morphology, but with a
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Fig. 4. A constant height atomic resolution STM image of
several monolayers of MoSe2 grown on a MoSe, substrate.

Fig. 5. A series of SIM imaiges for (a) 0.3, (b) 1.0 and (c) 2.00204
monolayer coverages of MoSe2 on a MoS2 substrate. (nm)
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different spacing (30-40 A), close to that predic- CDWs have also shown enhanced modulation in
ted by the moir6 equation (33 ,). STM images.

STM images of various epilayer coverages of
MoSe. grown on MoS. provide a further insight
into the growth mechanism of VDWE. A series of 4. Conclusions
STM images taken for 0.3, 1.0 and 2.0 monolayer
coverages of MoSe, on MoS, are shown in figs. A variation of molecular beam epitaxy, called
5a, 5b and 5c, respectively. Here the coverage was Van der Waals epitaxy. is described where a
estimated from the time required to form a com- material with primarily 2D bonding is epitaxially
plete monolayer. For a fractional monolayer, grown. Lattice matching difficulties, which limit
growth structure can be seen in the MoSe2 islands, the choice of materials in MBE of 3D systems, are
but no long range order can be seen. Fig. 5b circumvented since the interlayer bonding is from
shows an epilayer coverage of about one mono- weak van der Waals interactions. We have demon-
layer where the moire substructure patterns be- strated epitaxial growth of MoSe, on various sub-
come evident, however, islands on the layer as well strates with lattice mismatches exceeding 10%.
as holes indicate incomplete growth of the first RHEED oscillations, observed in-situ for growing
layer before nucleation of the second layer. For MoSe2 epilayers, show a layer-by-layer growth with
multilayer growth (fig. 5c), the moire patterns evidence for bilayer type growth, suggesting the
from the second layer are rotationally aligned with 2 H, polytype for the epilayer. STM provided real
respect to those from the first complete layer, space images of the morphology of the epitaxial
Evidently the distortion of the first layer, induced layer and showed novel structures resulting from
by the lattice mismatch, influences the subsequent the large lattice mismatch where the epilayer atoms
growth of additional layers. Information about the are commensurated. The flexibility for fabrication
extent of these structures to a large number of of multilayer structures containing different mate-
epilavers has not yet been obtained but identical rials selected for their specific properties, rather
structures have been observed on up to 10 layers than their lattice matching requirements, has been
of MoSe, on MoS. discussed.

The apparent height of the structures measured
with the STM was surprisingly large (2-4 A) since
it was expected that the geometric relaxation of Acknowledgement
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Reconstruction structure at Ga 2Se3/GaAs epitaxial interface
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A highly developed reconstruction structure was found at the GaSe3 /GaAs epitaxial interface by transmission electron
microscope observations. The atomic structure of the reconstruction was derived by the analysis of electron diffraction patterns and
high resolution transmission electron microscope images. The structure, which is described as an ordered arrangement of structural
vacancies on the Ga sublattice. suggests that the reconstruction results from the valence mismatch at the GaSe,/GaAs interface.

!. Introduction lattice structure with the basic mechanism of
chemical bonds in the semiconductors, and, hence.

The development of advanced thin film growth the study on structures and properties of valence
techniques such as molecular beam cpitaxy (MBE) mismatched interfaces provides us with an oppor-
and metalorganic chemical vapor deposition tunity to explore the fundamental character of
(MOCVD) has led to the growth of heterostruc- chemical bonds in these materials.
lures of a variety of combinations of semiconduc- During the course of the study on the ZnSe/
tor materials. Among such heterostructures, those GaAs interface, we have succeeded in the growth
represented by II-VI/Ill -V and lit-V/IV semi- of GaSe3/GaAs heterostructures by MBE.
conductor heterostructures possess great signifi- GaSe, crystallizes in the zincblende structure
cance for both device technology and fundamental similarly to III-V and II-VI semiconductors [1]
materials science. These heterostructures consist and, hence, the GaSe3/(-aAs interface is also a
of semiconductor materials having similar lattice representative of the valence mismatched inter-
structures but belonging to chemically different faces. We hive found a highly developed recon-
families. Due to the difference of valences of struction structure at this interface by the trans-
constituent atoms, electron-excess or electron-defi- mission electron microscope (TEM) observation.
cient chemical bonds may form at the interfaces of This finding adds a new member to the group of
these heterostructures. The formation of the elec- interface reconstructions, the existence of which
tron-excess or electron-deficient chemical bonds is has been found for the first time in the last few
a result of one form of mismatch between two years 12-6]. The atomic stticture derived by the
materials at the interface which may be called analysis of electron diffraction patterns and high
"valence mismatch" in order to be distinguished resolution transmission electron microscope
from conventional "lattice constant mismatch". (HRTEM) images indicates that this reconstruc-
The valence mismatch is a direct conflict of the tion results from the valence mismatch at the
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Ga 2Se3/GaAs interface. In this paper, we present Ga 2Se3 is 4%, with which one can expect a critical
results of the TEM observation and structure thickness of a few tens of Angstrms. Electron
analysis of the reconstruction structure, diffraction patterns of the Ga 2Se3 epilayer exhibit

diffuse scattering, indicating a short-range ordered
arrangement of structural vacancies in the epi-

2. Experimental procedure layer.
The existence of the reconstruction structure at

The Ga 2Se,/GaAs heterostructures were grown the interface was found by [010] and [001] cross-
by using a 430 modular MBE system which has sectional electron diffraction patterns. Fig. I is a
three separate growth chambers connected by an [0101 cross-sectional diffraction pattern taken from
ultra-high vacuum transfer tube. A GaAs epilayer an area including the Ga Se 3/GaAs interface.
was first grown on a (100) GaAs substrate in one Due to a long exposure, Bragg spots of Ga2 Se3
chamber and then transferred to another chamber and GaAs became broader and overlapped each
for the growth of a Ga 2Se3 epilayer. Prior to the other in the pattern. Many bright lines radiating
growth of the Ga 2Se3 epilayer, the GaAs surface from the direct spot were caused by deflection of
was heated without being exposed to fluxes, which electrons in the path of the electron microscope
gave rise to an As deficient surface exhibiting a column. Reflection rods resulting from the recon-
(4 X 3) surface reconstruction [7]. The Ga 2Se3 epi- struction structure are clearly seen in the pattern.
layer with a thickness of 450 A was grown at One group of reflection rods connect Bragg spots
400'C with a growth rate of 5 A/min. For the of GaAs, while the other group appear between
TEM observation, (010), (001), (011) and (41l) the Bragg spots, corresponding to superstructure
cross-sectional samples and (100) plan-view sam- reflections. Locations of superstructure reflection
pies were prepared by ion thinning. A JEM 2000 rods are defined as (0, 1), where I is an odd
EX electron microscope with a top-entry goniome-
ter was used at an operating voltage of 200 kV.
The spherical aberration coefficient of the objec-
tive lens pole piece is 0.7 mm.

3. Results and discussion

TEM observations of cross-sectional and plan-
view samples have shown the formation of a single
crystal Ga 2 Se, film having a zincblende structure.
Ga 2Se3 is known to crystallize in a stable zinc-
blende structure in which one third of Ga sites are 000
left as structural vacancies [1]. The presence of the
structural vacancies is explained as a result of the
valence mismatch of Ga and Se atoms in the
perfect form of the zincblende structure. The
lattice parameter of the Ga2 Se3 epilayer is 5.43 A
which is close to that of stoichiometric GaSe3.
Both electron diffraction patterns and HRTEM
images have shown a parallel epitaxial relation of
the (100) Ga 2Se, crystal with the (100) GaAs
crystal. Existence of misfit dislocations at the in-
terface was observed in (011) and (011) HRTEM Fig. 1. 10101 cross-sectional electron diffraction pattern of the
images. The lattice mismatch between GaAs and Ga 2Se 3/GaAs heterostructure.



1040 D. Li et al. / Reconstruction structure at GaSe. / GaAs epitaxial interface

integer. These reflection rods exhibit intensity close examination of the HRTEM images has
modulation suggesting a pseudo-two-dimensional shown that more than one row of the ordered
nature of the reconstruction. The period of the arrangement of bright spots appears in some parts
modulation is a*, and the positions of intensity of the interface. The spacing of these rows in the
maxima and minima of reflection rods of the first [100] direction is 4.9 A, and the positions of bright
group are shifted from those of the second group spots of the second row is shifted from those of
by a*, where a* is the length of the reciprocal the first row by a half of the period of the ordered
lattice vector of the cubic GaAs lattice. Similar arrangement of bright spots.
reflection rods were observed in [001] diffraction As explained earlier, one third of the Ga sites
patterns. In [011] and [011] diffraction patterns, in the Ga2Se, crystal are left as structural vacan-
only reflection rods connecting Bragg spots of cies. One may, therefore, suggest that the recon-
GaAs were observed. Superstructure reflection struction structure at the interface is an ordered
rods observed in [010] and [001] patterns appear arrangement of these structural vacancies. Ob-
as very weak spots in [100] plan-view patterns at servations of electron diffraction patterns and
the positions of forbidden reflections of the HRTEM images support such a structure model.
zincblende structure. These cross-sectional and The ordered arrangement of bright and dark spots
plan-view patterns indicate that the reconstruction along the interface is clearly seen in the HRTEM
structure is described as a c(2 x 2) lattice if the images with relatively high contrasts even at very
structure is projected to a plane parallel to the thin areas of the sample, which cannot be ex-
interface. plained based on a model of an ordered arrange-

Direct images of the reconstruction structure ment of As and Se atoms or that of displacements
were obtained in [010] and [001] cross-sectional of interface atoms. Diffraction patterns with exci-
HRTEM images. Fig. 2 is a [0101 cross-sectional tation of only h00 type reflections exhibit a dis-
HRTEM image of the GaSe,/GaAs interface. tinct reflection rod with intensity maxima at the
One can see a periodic arrangement of bright positions of 1, 0, 0 and 1, 0, 0. This observation
spots corresponding to the reconstruction struc- cannot be explained by a model of displacements
ture along the interface with a spacing of 5.65 A of atoms along the interface. We have derived a
which is twice greater than that of (002) lattice model of an ordered arrangement of structural
planes of GaAs. Such a periodic arrangement of vacancies which can explain all main features of
bright spots were seen in many parts of the inter- observed diffraction patterns and HRTEM images.
face. suggesting the existence of a highly devel- Figs. 3a and 3b schematically show this model. In
oped reconstruction structure at the interface. The the model, only a half of the sites of the first Ga

Fig. 2. 10101 high resolution transmission electron microscope image of the reconstruction structure at the Ga 2Se, interface.
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- growth direction, leading to the average fraction
4 GaAs unit cell . of vacancy in Ga,Se,. In the ordered structure of

Vacancy .. bulk Ga 2 Se3 , on the other hand, all (100) Ga
c---- unitcell 1100! layers have the same fraction of structural vacan-

c(252) unit cell_. , T cies, i.e., '. Despite this difference of ordered

t0101 arrangements, the number of the nearest neighborGa atoms of one Se atom in the reconstruction is
(a) very close to that of the ordered structure of bulk

Ga's,. Ga 2 Se3. In the ordered structure of bulk Ga 2 Se3.
two thirds of the Se atoms have three nearest

40 0 0 • • 40 • • 0 0 0 0 0 9 neighbor Ga atoms, and the remaining one third
000 0 0 0 a 000

o::o~o o *o o o 0o o o o o: %Racontrut- of Se atoms have two nearest neighbor Ga atoms.
0 0 0 0 . 0 * .00 , on.awr, The average number of the nearest neighbor GaO 0 0 a 0 0 o '-
o0 0 0 0 0 0 0 0 0 0 0 0 atoms is, therefore, . In the reconstruction struc-

100 5. A- ture, each Se atom has three nearest neighbor Ga
*atoms as seen in fig. 3b. With the similarity of the

i0lO] (b) number of the nearest neighbor atoms, one can
suggest that the reconstruction structure forms as

Fig. 3. Model of the atomic structure of the reconstruction. (a) a t a nsnt structure frysa
Vacancy arrangement in the first Ga layer: (b) [0101 projection a transient structure from the GaAs crystal to the

of the reconstruction structure. Ga2Se, crystal, maintaining the valence matching
of constituent atoms of the interface region; if a
Ga 2Se, crystal having the structure of the bulk
crystal directly forms on the GaAs surface, atoms
at the interface cannot maintain the valence

layer of the Ga 2Se, epilayer are occupied by atoms, matching because of the nearly complete occupa-
leaving the remaining sites as structural vacancies. tion of the top Ga layer of the GaAs crystal [8].
These vacancies form a c(2 x 2) superlattice in this
layer as shown in fig. 3a. The second Ga layer in
the epilayer, on the other hand. is almost fully Acknowledgements
occupied by atoms. In the third Ga layer, struc-
tural vacancies locally form the c(2 X 2) ordered This research was supported by Air Force Office
structure which is shifted by half a period from of Scientific Research grant No. 89-0438 and De-
that of the first Ga layer. In Ga layers beyond the fense Advanced Research Project Agency/Office
third one, structural vacancies form a nearly ran- of Naval Research - University Research Ini-
dom arrangement. Fig. 3b shows a sequence of tiative Program N0014-86-K0760.
these Ga layers viewed in the [010] direction.
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MBE as a production technology for AIGaAs lasers

Haruo Tanaka and Masato Mushiage
Rohm Co.. Ltd. 21. Safin Mizosaki-cho, Ukyo-ku, Kyoto, Japan

We are the first to succeed in the mass production of AIGaAs visible-wavelength semiconductor laser on a commercial basis using

MBE. Single-transverse-mode self-aligned AlGaAs double heterostructure (DH) lasers were fabricated by a two-step molecular beam

epitaxial technique. A GaAs layer was thermally etched selectively in the MBE system just prior to regrowth. There was i, Vioblem

associated with the regrowth of an A]GaAs layer after the thin GaAs passivation layer was removed. This self-aligned structure by
MBE affords high control of transverse and longitudinal modes, which results in high quality laser for various applications such as

compact disc, video disc, laser beam printer and optical memory disc.

1. Introduction Fig. I shows the room temperature photo-
luminescence intensity of DH samples as a func-

MBE offers planar, uniform and high quality tion of time. After the MBE system is reloaded,
over large wafer areas, as compared with conven- the system is baked (72 h, 200 *C) and sources are

tional LPE. The first current injection AlGaAs purified. About two days of growth are enough to
DH laser was prepared by Cho and Casey [1] in obtain high quality DH wafers. Usually. if the PL
1974. In 1979, Tsang [2] first obtained AIGaAs intensity is higher than the dashed line level, high
DH lasers by MBE with threshold currents at least quality AIGaAs DH lasers can be fablicated re-
as low as those prepared by LPE. In the 1980s,
Tsang demonstrated MQW and GRIN-SCH lasers
[3,41 by MBE. For the industrial production of At Laser
lasers using MBE, however, mainly two problemsF 'PL AxGa1_xAs(x=06,25O0A)

needed to be overcome: (1) poor reproducibility MG: AIzzr xGO,.xAS(x5O,.001o)
and (2) no stripe structure fit for MBE. In this 10 DH PL Sample Be- i odscn "

paper, we report the mass-production of trans-
verse-mode-controlled self-aligned AIGaAs DH R T

lasers using a two-step molecular beam epitaxy
technique [51, and the characteristics of these
lasers.

2. Device fabrication

Modified conventional MBE Riber 32P systems C

was used, operating day and night with computer- 01
controlled. The requirements for mass-production 0 so 100

MBE are: (1) one-touch substrate mounting; (2) Time (day)
Fig. 1. Room temperature photoluminescense intensity of DH

large volume cells (2400 h); (3) precise substrate sample as a function of time. If the intensity is higher than the

temperature control ( 5 C); (4) shutter retiabil- dashed line level, high quality AIGaAs DH lasers can be

ity. fabricated reproducibly.

0022-0248/91/$03.50 0 1991 - Elsevier Science Publishers B.V. (North-Holland)
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cherical etching 'st epi GaAs
n-AlGaAs(X=015)
n-GaAs

=p-AIGaAs( X=O 6)

in: Sb 'AI GaAs(X0.15) - -- --Sub,,' Contact laver

,U- 2nd epi Cladding layer
thermal etching 1'-GaAs Current blocking layer

---- \:q - p-AIGaAs(X=0 6) E A c ing layer

S . A(Cam Active layer

Substrate

Fig. 2. Schematic illustrations of the process and structure of
the self-aligned laser fablicated by MBE.

producibly. The devices were grown on a (100) w
oriented Si-doped GaAs substrate (2 inch wafer).
Growth rates were 1.2 pm/h for GaAs and 3.0 - : Fundamental

pm/h for AlGaAs (x = 0.6). An active layer was d T_ t parameter

grown at 690'C. Schematic illustrations of the
process and structure of the self-aligned laser are Fig. 3. A cross-sectional SEM photograph of the self-aligned
shown in fig. 2. In the first growth of the two step laser by MBE and fundamental parameters of the lasers.

technique, six layers were grown: (1) n-AIGaAs
(x = 0.6, Si: 5 x 1017 cm- 3). 1.3 Am: (2) undoped 5 X 1018 cm- 3), 1.3 Am: (2) p'-GaAs (Be: 2 x 10'9
AIGaAs (x = 0.15) active layer, 0.07 Am; (3) p-Al cm-3), 1.5 pm. Fig. 3 shows a cross-sectional
GaAs (x = 0.6. Be: 5 X 1017 cm- ). 0.35 pm; (4) SEM photograph of the self-aligned laser by MBE.
n-GaAs (Si: 5 X 10t cm -3), 0.24 pim: (5) n-Al In this two-step molecular beam epitaxy method.
GaAs (x = 0.15, Si: 5 X 10"' cm-3). 0.07 pm: (6) the thickness of each layer was controlled within
undoped-GaAs. 0.04 pm. After the first growth the accuracy of MBE. Metal contacts of Ti-Au
step. the wafer was taken out from the MBE
system. and stripes were opened along the (110)
direction with a conventional photo-lithographic 60-

technique. The width of the stripes used in this
work was 4 pm. The channels were etched into the 50-

{ N =88wafer using a H 2SO4: H,9 2 : H20 mixture. A thin Av= 36 4
GaAs layer about 1000 A was left on the p-Al o =098

GaAs layer for passivation as shown in fig. 2. The
wafer was then inserted into the MBE system for a: 25'C
the second MBE growth step. Prior to regrowth, uJ 3 mw
the thin GaAs passivation layer on the p-AIGaAs
cladding layer and the n-AIGaAs current confine- 20"-

ment layer was thermally desorbed under As4
pressure. The thermal desorption rate of GaAs at 0
740*C under As4 pressure was about 2 pm/h
while that of AIGaAs (x > 0.15) under the same L iI L-1:
conditions was negligible. The wafer was heated 32 36 40 44 48 52 56

for 15 min at 740 0 C under As 4 pressure. After lop(mA)

the thin GaAs layers was selectively desorbed, two Fig. 4. Histogram of operation currents at an optical output of
layers were grown: (1) p-AIGaAs (x = 0.6, Be: 3 mW and lasing spectrum.

I
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50 50--
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40 N 88 401L
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5=034 Av:391
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z 231- 2E
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to-r
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,. (deg) 32 34 36 38 40 42 44 46

Fig. 5. Histogram of beam divergences parallel to junction E. (deg)
plane. Fig. 6. Histogram of beam divergences perpendicular to junc-

tion plane.

and alloved Au-Ge were then formed on the
wafer. There was no additional current confine-
ment such as oxide stripes on the surfaces. De- characteristics are one-third that of the conven-
vices with a 250 j.m long cavity were fabricated as tional LPE lasers.
usual by cleaving, sawing and coating. Fig. 7 shows the results of 1000 h continuous

operation at the temperature of 80°C and the
optical output of 5 mW. Since the carrier con-
centration has been optimized and the operation
current has thus been lowered, the operation cur-

3. Device characteristics rent at 8U0 C comes between 60 to 80 mA and
degradation rate is very low.

Fig. 4 shows a histogram of operation currents
at 3 mW and lasing spectrum. Low operation
current has been realized by optimizing the carrier
concentration of the first p-AIGaAs cladding layer
to minimize the lateral current spreading and car- 1- -

rier out-diffusion from the stripe. The laser oper-
ates in a multi longitudinal mode at 3 mW. This
means that mode changes are performed smoothly

E0 N=50by the return light and that low noise is main- 80"C, 5mW

tained, even if the optical path is shorter than the -

coherence length.
Fig. 5 and fig. 6 show histograms of beam 0 ...... 000

divergences parallel and perpendicular to the junc- Time(hour)
tion plane. Due to excellent control of the film Fig. 7. Life-testing results of 1000 h continuous operation at a
thickness by MBE, the variability of these optical temperature of 80C and optical output of 5 noW.
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4. Summary References

We are the first to succeed in the mass-produc- (11 A.Y. Cho and H.C. Casey, Jr., Appl. Phys. Letters 25

tion of AlGaAs visible-wavelength semiconductor (1974) 288.

laser using MBE. The self-aligned structure by [21 W.T. Tsang, Appl. Phys. Letters 34 (1979) 473.
MBE affords high controllability of transverse and [31 W.T. Tsang, Appl. Phys. Letters 39 (1981) 786.
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Substrate temperature dependence of SQW alloy and superlattice
lasers grown by MBE using As 2

C.T. Foxon
Philips Research Laboratories. Redhill Surre" RHI 5HA, UK

P. Blood
Department of Physics, University of Wales, P.O. Box 913, Cardiff CF1 3TH, Wales, UK

E.D. Fletcher, D. Hilton, P.J. Hulyer
Philips Research Laboratories. Redhill, Surrey RHI 5HA, UK

and

M. Vening *

Department of Physics, University of Surrey. Guildford GU2 5XH. UK

Until recently most semiconductor device structures grown by MBE have used As 4. In such structures during the growth of
(AI.Ga)As alloys a characteristic roughness is observed under some growth conditions. The threshold current of lasers grown using
As4 is also strongly influenced by the choice of substrate temperature. It is possible therefore that these two factors are related. We
have compared the morphology of thick films of Al5 5GaO.5 As grown using As 2 and As 4 over the temperature range 610 to 710 C.
For films grown with As 4 the characteristic roughness in such structures is observed but over the whole temperature range films
grown with As 2 have a specular appearance. We have grown, using As 2. a series of graded refractive index separate confinement
heterostructure single quantum wel (57 A) lasers with and without pre-layers at temperatures from 610 to 710'C. In this series of
samples the Al and Ga fluxes were kept constant, the nominal Al fractions for the outer confinement and barrier regions were 50%

and 25%. respectively. A similar set of stepped separate confinement structures with prelayers was grown for comparison. In a fourth
series of structures the separate confinement and part of the outer cladding regions were replaced by short period superlattices.
Contrary to previous reports for structures grown using As 4, no strong dependence of threshold current on growth temperature was
observed. Results for four sets of lasers will be discussed in detail. An additional benefit of using As 2 is the reduced loss of Ga at
high temperatures due to a reduction of free metallic group III element present on the surface during growth.

1. Introduction into two dimers using a two-zone cracker furnace.
The basic growth mechanisms for the two

In the growth of III-V compounds by MBE the processes are different [1,2] and it has been shown
group V element is often supplied by sublimation in a number of studies that films grown with the
from the solid in the form of a tetramer molecule. dimer are superior to those grown with the tetra-
It is, however, possible to dissociate this molecule mer. The concentration of deep levels in GaAs

grown with As 2 is lower than in films grown with
* Industrial Trainee. As4 [3] and the optical properties are also im-

0022-0248/91/$03.50 © 1991 - Elsevier Science Publishers B.V. (North-Holland)
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proved [4]. For (AI,Ga)As-GaAs double hetero- 2. Experimental technique
structures a lower interface recombination velocity
is also observed using As 2 compared to As 4 [5]. In The samples were grown in a 2 inch Varian
addition, in the growth of (AI.Ga)As films with GEN-I MBE system using an indium bonded
AS 4 a characteristic surface roughness is com- substrate holder. With this system using roughened
monly observed in the so-called forbidden temper- blocks, the substrate temperatures measured using
ature regime (600-680'C) [6], but in films grown a radiation pyrometer (operating at 2 fim using an
with As, this problem is not observed [7]. emissivity setting of 0.62 of Si doped substrates)

For double heterostructure (DH) lasers grown agree with the thermocouple estimate to within
with As 4 the choice of substrate temperature 200C. In this system using an As flux with a
strongly influences the threshold current [81, and it beam equivalent pressure of I x 10 - 5 Torr, with
is now clear that the lowest threshold current is no other fluxes impinging on the sample. there is a
only obtained for films grown under conditions transition from the As-stable (100) (2 x 4) recon-
where no surface roughness is observed for the structed surface pattern to a Ga-stable (3 x 1)
growth of (AI.Ga)As [9]. Prior to this observation pattern in less than 2 s on closing the As shutter at
a number of techniques have been used to im- 640 0 C.
prove the threshold current of DH and quantum The samples were grown using a GaAs growth
well (QW) lasers including the use of off-orienta- rate of 1 monolayer (ML) per second, the growth
tion substrates [10), which are known to smooth rates were established using the familiar RHEED
the surface of (Al.Ga)As grown in the so-called oscillation technique [14]. Growth rates for Al
forbidden temperature range [11]. It has also been were adjusted in a similar manner to give the
shown that the use of pre-layers reduces the required alloy fraction. In the SCH-SQW struc-
threshold current of graded refractive index tures a 5 min interrupt was used to reset the Al
(GRIN) separate confinement heterostructure cell temperature but for all other structures growth
(SCH) single quantum well (SQW) lasers [121. was continuous. Doping densities were kept low
Finally it has been shown recently that extremely enough to avoid disordering the SP-SLs, i.e. < 10"'
low threshold current GRIN-SCH-SQW lasers can cm- 3 and this was confirmed both by TEM and
be obtained by replacing the alloy regions by short X-ray analysis on selected samples. No adjustment

period (SP) superlattices (SLs) [13]. In all the was made to the Ga flux to allow for Ga re-
above studies the use of high temperatures (about evaporation at high temperatures in order to avoid
700° C) results in a temperature dependent loss of this complication. As2 was produced using the
Ga from the surface, small variations in substrate commercialiy available Varian cracker cell operat-
temperature across the slice during growth there- ing under the nominally suggested conditions.
fore leads to unacceptable variations in operating Apart from the expected reduction in system pres-
wavelength, sure and more rapid coating of the windows we

We have therefore studied the effect of replac- have no independent indication of the cracking
ing As4 with As, for a variety of laser structures efficiency of this cell.
including conventional GRIN-SCH-SQW struc- Prior to the growth of all laser structures the
tures grown with alloys, similar structures incor- minority carrier lifetime at 300 K was established
porating a SP-SL prelayer, abrupt SCH-SQW in intentionally doped (Be at 2 x 101 cm- 3) MQW
lasers with SP-SL pre-layer and similar SCH-SQW structures. Experience has shown that this lifetime
lasers with the alloy region of the waveguide re- correlates well with the threshold current of lasers
placed by a SP-SL. In each case we have studied grown by MBE. We have previously shown that
the effect of varying the substrate temperature this is a good measure of the radiative efficiency
over the range 610 to 690 or 710 *C where there is in the (AIGa)As or AlAs regions close to the
a transition from rough to smooth growth for heterointerface with the GaAs well [15]. A mini-
(AIGa)As alloys, i.e., inside and outside the so- mum lifetime of 30 ns was achieved prior to the
called forbidden temperature regime. growth of the structures described above. Struc-

ii il i
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tures grown with As, had significantly longer , F3
lifetimes (approximately 3 X ) than the equivalent 300 3 0 -0 .

samples grown with As 4 immediately before or T

afterwards. T .

The wafers were processed into oxide isolated 20
50 pm stripe lasers with a cavity length of 500 pjm ,50 L - -.

and the threshold current and wavelength mea- 0
sured as a function of temperature using pulsed
techniques. The fabrication and testing procedures W 5o

have been d escrib ed in d etail elsew h ere [16]. F o r 0 .. .. . . . . ..600 620 640 660 680 700 720
some wafers broad area devices were also fabri- Substrate Temperature (oC)
cated to give a better guide to the true threshold Fig. 2. Variation in threshold current with subhtrate tempera-

current density and to make a more meaningful ture for four sets of oxide isolated 50 jum stripe lasers. The

comparison with other low-threshold current de- error bars coiispond to two standard dexiations.

vices.

agreement with our earlier unpublished observa-
3. Experimental results tions and those reported in the literature [7]. Lower

oval defect densities were also observed in films
I tm thick layers of Al0 .Ga .As were grown grown with the dimer compared with those grown

using both As, and As 4 over the temperature using the tetramer.
range 610 to 710'C. In agreement with earlier Fig. 1 shows the structures that we have grown
observations we observed the characteristic surface for this study. Fig. 2 shows the effect of substrate
roughness [6] when using As 4 as a group V source temperature on the threshold current of the four
but this was entirely eliminated when using As, in sets of structures. The first series consist of

Laser Structures
Super attwces

45x(GaAs 4MLs. A.As 4 MLs,

22004 22004

(a) ,

60 x (GaAs 3MLs .AIAs 3M4Ls) Superlattlces

IPre- layer

x 025

60 (G~s MLS-Als 3ALS Superlatt~c es

Superlittic -'., 03cAs 4rt!Ls* AlAs 4NfLs)

Quantum wvell 57& or 20MLs

Fig. 1. - hematic composition profiles for the four sets of lasers groe n in this study.

_-- _- -= _ _ .... .. . . .. .. .... .. .. .. .... .. .. .. .... .. .. .. ...... .. .. . .
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GRIN-SCH-SQWs (57 A, 20 MLs), the second 4. Conclusions
series have a 60 period GaAs(3 ML)/AIAs(3 ML)
SL placed immediately before the GRIN region, We have shown that the use of As, enables
the third series are abrupt SCH-SQW (57 A, 20 .state-of-the-art" lasers.to be grown over a wide
MLs) lasers with 45 period GaAs(4 ML)/AlAs(4 range of substrate temperatures (610-710'C)
ML) SL immediately before and after (to make compared with the situation using As 4 where it is
the optical confinement symmetrical with respect essential to go to the highest temperature (710° C)
to the SQW) the SC region. In the fourth series to obtain low threshold current devices. This im-
the 25% (AI,Ga)As alloy parts of the SCH region provement correlates with the fact that the mor-
were replaced by a 31 period GaAs(8 ML)/AIAs(4 phology of (AI,Ga)As layers grown with As, is
ML) SP-SL structure which gives an approxi- good over the whole temperature range, whereas
mately equivalent band gap material, those grown with As 4 in the so-called forbidden

In all cases there is evidence for only a weak substrate temperature region exhibit a characteris-
effect of varying the substrate temperature, con- tic surface roughness. An additional benefit in the
trary to the results reported for samples grown use of As, is the reduced loss of Ga at high
with As 4 . We also see little variation in laser temperatures due to a lower amount of free
wavelength with substrate temperature and the metallic Ga present on the surface during growth.
measured values agree with those predicted for the The use of As,. therefore, enables acceptable
nominal structure within experimental error. From growth to take place in the temperature range
this it is evident that the use of As 2 under these where small variations in substrate temperature
conditions has resulted in little loss of Ga over the across the slice become unimportant. leading to
whole temperature range used for growth. As we better control of thickness, alloy composition and
have recently shown [171 and will report elsewhere hence lasing wavelength.
at this conference in more detail, this is consistent
with the observation that the rate of loss of Ga
(In) from the surface is higher from free metallic
Ga (In) than from the group III element already References
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Vertical cavity top-surface emitting lasers with thin Ag mirrors
and hybrid reflectors

M. Hong. L.W. Tu
.4 T& T Bell Laboratories. Murrua Hill. New Jersev 07974. USA

J. Gamelin
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Y.H. Wang. R.J. Fischer, E.F. Schubert. K. Tai. G. Hasnain, J.P. Mannaerts, B.E. Weir.
J.D. Wynn, R.F. Kopf. G.J. Zydzik and A.Y. Cho
.4 TA T Bell l.ahoratories, ,furrai Hill, Ne% Jerse' 09'4. t SA

Fhree types of %ertical cavity surface emitting lasers based on GaAs,'AIGaAs have been grown by molecular bean epitax\
IMBEi. The laser strucoires with top emission have been evolved from a simple double heterostructure (DIII with n-type distributed
Bragg reflectors (DBR) as the bottom mirror and a semitransparent Ag as the top mirror, to a DH structure with a hybrid reflector
consisting of a thin metal and a few pairs of p-DBR as the top mirror, and to a 3-QW structure again with a hybrid reflector as the
top mirror. MBE growth of these three device .,tructures is discussed. particularly on the in-situ growth of metals on GaAs. Devices
have been fabricated and measured. A theoretical model has been used to gain an understanding of the parameter., in each design.
Ihe MBE growth techniques have been improved to modify the heterostructural interface in the DBR to reduce the series resistance.
'The laser performance has been improved from a high threshold current in the first structure to a much lower threshold current in the
second structure and finally to a c%\ room temperature operation with low threshold currents in the third structure.

I. Introduction taken from the epitaxial side (top emission). Top
emission simplifies processing since substrate re-

Vertical cavity surface emitting lasers (SELs) moval is not necessary [4.5].
have recently attracted a lot of interest due to In this work, three types of top emitting SELs
their unique features and potential applications are reported as shown in fig. 1. The design con-
[1 4]. For example. fabrication of integrated opti- cept has been evolved from a simple DH structure
cal structures such as high density laser arrays or with a thin metal mirror, to a DH structure
chip-to-chip communication elements with high with a hybrid mirror (thin metal plus a few pairs
speed and high data rate transmission could be of semiconductor distributed Bragg reflectors.
realized. Also, SEL arrays could serve as drivers in DBRs), and finally to a QW structure with a
optical logic systems. hybrid mirror. We have gained a better under-

To date, SELs have shown room temperature standing of the parameters in each design as the
continuous wave (cw) performance using GaAs or structure becomes more sophisticated. At the same
[nGaAs quantum wells (QWs) or GaAs/AlGaAs time, we have improved our growth techniques
double heterostructures (DHs) [1-41. Although including a more precise control in the growth
most of the reported SELs emit light from the rates and the ability to reduce the series resistance
substrate side, light emission in a SEL can be in the p-DBR by modifying the AlAs/GaAs inter-

0022-0248/91/$03.50 1 1991 Elsevier Science Publishers B.V. (North-Hollandl
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Fig. 1. Schematic representation of the vertical cavity surface emitting laser diodes and their light output power versus current (L - I)
curves: (a) a DH structure with n-DBR as the bottom mirror and a semitransparent Ag as the top mirror: (b) a DH structure using a
hybrid reflector consisting of a thin metal and a few pairs of p-DBR as the top mirror; (c) a 3-QW structure with a hybrid reflector as

the top mirror.

face. Using this understanding, the laser perfor- the ohmic contact. The bottom mirror consists of
mance has been improved: low threshold currents 22.5 pairs of a quarter-wave n-type doped
under cw operation. AlAs(730 A)/AI01 Ga0 9 As(620 A) multilayer

DBR. Thin A layers with various thickness from
300 to 2000 A used as the top mirror were de-

2. Experimental posited at 120°C in a separate e-beam evaporator.
The n-DBR mirror, doped to a level of 1 x 10"'

The first structure, labeled (a) in fig. 1, has a cm - 3 with Si, was grown at a substrate tempera-
lightly p-doped bulk GaAs (5 X 1017 cm - -) active ture of 580-600'C. All the quarter-wave DBR
layer 0.6 tpm thick. The confinement layers are 0.5 mirrors mentioned in this work have been grown
Pm p-Al 0.3Ga 0.7As (5 x 1018 cm- 3 ) on the top and in this temperature range. A few attempts to grow
2-3 ym n-Al 0.25Ga0.75As (7 x 10" cm- 3) at the the DBR mirrors at a higher temperature > 620'C
bottom. A thin heavily p-doped Al0 .Gao.As (2 5 proved to be unsatisfactory.
x 1019 cm 3) was put on the very top to facilitate The second structure, also a DH and labeled

,I
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Fig. 2. Sequence of RHEED patterns recorded during the MBE growth of a Au/Ag/Fe/GaAs structure. All patterns were recorded
along [1101. Pattern (a) shows a GaAs As stabilized surface. Pattern (b) was recorded after the growth of 35 A Fe at 180'C. Pattern
(c was recorded after the growth of 100 A Ag at 180'C on Fe. Pattern (d) was recorded after the growth of 200 A Au at 180*C on

Ag.

(b) in fig. 1. has a smaller cavity length, of 0.89 70 , T

tm. corresponding to 3.5 A (optical wavelength)
between two mirrors. The bottom mirror is an TOP EMISSION

n-DBR identical to that used in the first structure. VCSELO 20 P m DIA.VCEO20 ' m DIA

The top mirror is a thin metal/semiconductor ,, TI20C
,50 MIRRORS

p-DBR hybrid reflector. The p-DBR mirror con- SO PULSED EXCITATION
S EXPERIMENTAL

sists of 7.5 pairs of quarter-wave AlAs/ o THEORETICAL

Al, GaogAs with a linearly graded interface, and 40
CM-3 0was doped to a level of 3 x 10 cm 3 with Be. n

The thin metal in this second structure is an ,cc
in-situ epitaxially grown composite, and consists
of Au/Ag/Fe (200/100/35 A).

The in-situ epitaxial metal growth on GaAs are 2 o 400 800 1200 100 2000 2400

discussed in the following. Unlike the growth of Ag THICKNESS (A)

A(001) single crystal on GaAs(001) in which a Fig. 3. Lasing threshold currents versus thickness of Ag mirror:
45* azimuthal rotation occurs to minimize a large experimental and theoretical data. The Ag contact is 20 gsm in

lattice mismatch between Al and GaAs, the growth diameter.



M. Hong et at. / Vertical caviry top-surface emitting lasers 1055

of Ag single crystal on GaAs(001) was found to be Lasing threshold currents under pulsed oper-
much more difficult. Streaky reflection high en- ation versus the thickness of Ag mirrors are shown
ergy diffraction (RHEED) patterns of the Ag were in fig. 3. The lasing threshold current is 30 mA for
observed only after the deposition of films at least a Ag 2000 A thick, and remains roughly at this
500 A thick. Somewhat surprisingly, there is no value down to 800 A. As Ag thickness is further
azimuthal rotation for Ag(001) on GaAs(001). For reduced, the threshold rapidly increases. The trend
growing thin flat Ag single crystal (with thickness of threshold current versus Ag thickness is shown
of less than 200 A) on GaAs, a buffer layer may in fig. 3 and is in good agreement with a theoreti-
be needed to screen the GaAs surface anisotropy. cal model based on the reflectivity/loss character-
A thin layer of Fe 35 A thick [6] provides a istics of Ag as a function of thickness. This theo-
successful subsequent growth of thin Ag and Au retical curve is plotted in fig. 3 for comparison.
as indicated by the RHEED pattern and shown in The discrepancy between the experimental and the
fig. 2. Note that the Au on top of the Ag is for the theoretical threshold values is small and is within
protection of the devices beneath during wet experimental error such as exact size of the Ag
chemical processing. dots, or flatness and thickness of the Ag films.

The third structure, labeled (c) in fig. 1, is The optical constant (n, k) of Ag used in the
similar to the second structure with the following theoretical calculation is (0.163, 5.95) [7]. The the-
differences: (1) the active layer consists of 3 GaAs oretical model used in this work will be described
QWs, (2) the number of periods in the p-mirrors is in a later paper [8].
increased to 11.5 with a higher p-doping of 5 x 10"' The threshold current of this structure with Ag
cm - 3 for the first 4.5 pairs and of I x 1019 cm -3  450 A is as high as 40 mA. This high threshold is
for the rest of the mirror, (3) the number of due to the low reflectivity of the thin Ag. The
periods in the n-mirror is increased to 30.5, (4) the threshold could be reduced by using thicker Ag:
thin metal layer in the hybrid is ex-situ deposited however, the thick Ag is opaque, and the structure
Ag as in the first structure, and (5) two-step can not emit light from the top surface.
interfaces are used in the DBRs to reduce the
series resistance in the p-DBR. 3.2. GaAs bulk active region and hybrid mirror with

thin metal and semiconductor DBR

3. Results and discussion A new design based on the work of hybrid
reflector [21 and thin semitransparent metal [5]

3.1. GaAs bulk active region and thin metal as top was then proposed [8,9] to provide high reflectiv-
mirror ity and low resistance for a top-emission structure.

The reflectivity of this hybrid structure consisting

Lasers using the structure of fig. la were fabri- of a thin metallic composite Au/Ag/Fe (200/
cated and electrically pumped using a fine probe 100/35 A) and 7 pairs of AlAs/A 0 .1Ga 0.As
through the thin Ag. Here, the thin Ag acts both p-doped DBR is 97%. For comparison, the reflec-
as the mirror and the electrode. The electro- tivity of 300 A Ag and 7 pairs of the DBR is
luminescence (EL) spectra of the SEL 20 pm in - 80% and 91%, respectively. The second SEL
diameter with Ag 450 A thick show four Fabry- structure discussed here and shown in fig. lb was
Prot (FP) modes in the wavelength range of 0.82 constructed with the top mirror based on this
to 0.9 jm. The positions of these FP modes and hybrid design. The doping concentration was as
the separation (- 200 A) between them are in low as 3 x 1018 cm - 3 through the entire p-DBR.
good agreement with a theoretical calculation of Device fabrication was carried out using annular
this structure. A detailed description of the lasing contacts and H ' ion implantation for isolation
measurement and characteristics was given in a [9]. The threshold is 12 mA pulsed for a 10 pim
separate publication [5]. size.

-
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The reason why this structure could not lase cw offer high enough reflectivity to obtain low
is because of heating caused by the high voltage threshold currents. The hybrid structure consisting
drop across the p-DBR, This high voltage drop of a thin metal and a few pairs of semiconductor
occurred despite the effort in reducing the resis- DBR provides high reflectivity and low series re-
tance by linearly grading the interface between the sistance. The in-situ grown metal films are better
AlAs and Al 0.1Ga 0.As. The increase in p-doping than the ex-situ ones in terms of flatness and
to the level of high l0l cm - 3 certainly would electrical properties. However, a systematic com-
drastically reduce the resistance, but at the same parison study on the performance of devices using
time it would only slightly increase the threshold these two different forms of metals is needed to
current as is discussed in one of our publications assess the role of in-situ metal films in these
of the effect of Be doping on the performance of devices.
SELs [10]. The modifications in the heterojunction be-

tween AlAs/AlGaAs in the p-DBR whether by a
3.3. GaAs MQW active region and hybrid mirror linearly graded interface or a two-step one has
with thin metal and semiconductor DBR reduced the series resistance. However, a Be dop-

ing in the high 1018 cm- 3 in the p-DBR (after a
From the results of the above two SEL struc- few quarter-wave pairs away from the active re-

tures, we have learned that: gion) is needed to ensure a room temperature cw
(1) Thin semitransparent metals when properly operation in the present SEL structures.
prepared may give low resistance but would not
have high enough reflectivity needed to obtain low
threshold currents. A hybrid reflector of thin metal
and a few pairs (in the range between 6 and 12
pairs) of DBR would certainly provide high reflec-
tivity and low series resistance. [11 F. Koyana. S. Kinoshita and K. ga. Appl. Phys. LettersiO'~cm3  angein te 12 (1989) 221.

(2) Be doping in the high 10" cm - ' range in the 121 K. Tai, R.J. Fischer. C.W. Seabury. N.A. Olsson. T.-C.D.
p-DBR lowers the series resistance, but does not Huo. Y. Ota and A.Y. Cho. Appl. Phys. Letters 55 (1989)

substantially increase the threshold current. 2473.

Based on the above considerations, we then [31 Y.H. Lee. J.L. Jewell, A. Scherer. S.L. McCall, J.P. Harbi-

designed a new structure as shown in fig. 1c. This son and L.T. Florez. Electron. Letters 25 (1989) 1377.
[41 Y.H. Lee, B. Tell, K. Brown-Goebeer, J.L. Jewell and J.V.

SEL lases cw at room temperature with top emis- Hove. Electron. Letters 26 (1990) 710.

sion 19]. Voltage at the threshold current of 11 mA [51 L.W. Tu, E.F. Schubert, R.F. Kopf. G.J. Zydzik, M.
is 3.2 V and 100 12 differential series resistance is Hong, S.N.G. Chu and J.P. Mannaerts. Appl. Phys. Letters

obtained in devices 10 jam in diameter. 57 (1990) 2045
[61 P. Eitenne. J. Massies. F. Nguyen-Van-Dau. A. Barthelemy

and A. Fert, Appl. Phys. Letters 55 (1989) 2239.
[71 D.W. Lynch and W.R. Hunter, in: Handbook of Optical

4. Con lu on Constants of Solids. Ed. E.D. Palik (Academic Press. New
York, 1985) p. 356.

From the device characteristics of the MBE [81 M. Hong. J. Gamelin and R.J. Fischer, to be published.

grown SELs and with the aid of the theoretical [91 G. Hasnain. K. Tai, J.D. Wynn, Y.H. Wang. R.J. Fischer,
M. Hong, B.E. Weir, G.J. Zydzik, J.P. Mannaerts, J.

model, we have obtained a better understanding Garelin and A.Y. Cho, Electron. Letters. to be published.

on the parameters in each design. A semitrans- [101 Y.H. Wang, R.J. Fischer, J. Gamelin, M. Hong. J.P.

parent thin metal alone as the mirror does not Mannaerts and A.Y. Cho, to be published.
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Reduced current thresholds in GaAs/AlGaAs vertical cavity surface
emitting lasers using 40 off-oriented (001) GaAs substrates

Y.H. Wang *, K. Tai, Y.F. Hsieh, S.N.G. Chu, J.D. Wynn, M. Hong, R.J. Fischer and A.Y. Cho
A T& T Bell Laboratories, Murray Hill, New Jersey 07974, USA

GaAs/AIGaAs vertical cavity surface emitting lasers (VCSELs) with two semiconductor distributed Bragg reflectors (DBRs) were
grown by molecular beam epitaxy. The threshold current was found to be 20-50% less on an average for the bulk VCSELs with an
active layer of 0.47 ftm thick grown on the 4' off-orientation (001) substrates than those on the on-orientation ones. The lower
threshold current was attributed to the smoother interfaces of the Al 0 1GaO,As/AAs DBRs in the off-orientation growth observed
by transmission electron microscopy.

1. Introduction image of the Al 0 1Ga,,As/AIAs DBR structure
grown by molecular beam epitaxy (MBE) on a

The development of vertical cavity surface (001) Si-doped GaAs substrate indicates quasi-
emitting lasers (VCSELs) [1-7] has made them periodic zigzag roughness appearing in the upper-
attractive for many applications, ranging from most Al 1GaQAs/ AlAs interfaces as the number
monolithic optoelectronic integration, chip-to-chip of layers becomes large even though the starting
optical interconnection, high power arrays, and to substrate and the lower hetero-interfaces near the
low cost discrete devices. Distributed Bragg reflec- substrate are flat. Another growth instability of
tors (DBRs) [2-7] consisting of periodic quarter the quarter wavelength stack can also be observed
wavelength stacks of low and high refractive index as shown in fig. lb which is the n-mirror
compound semiconductors are very promising for (Al0 1GaoAs/AlAs) of a \'CSEL. The initial
the implementation of the novel VCSEL structure, periods from substrate have smooth hetero-inter-
The advantages of incorporating DBRs in VCSELs faces. The Al(,Ga,0 As layer can smooth out the
are epitaxial growth compatibility and uniform roughness of the AlAs layer as can be seen in the
vertical current injection through the doped semi- AlAs/AI0 Ga,,,As interface. The roughness of
conductor reflectors. To achieve high reflectivities AlAs surface is still observed and becomes more
of - 99% for low threshold current In,Ga1I. ,As/ serious as the number of period increases. The
GaAs or GaAs/AIGaAs VCSELs. - 20 pairs or rough hetero-interface introduces diffraction and
more of quarter wavelength AIGa,-,As/Al, scattering loss, deforms the wavefront of the re-
Gat ,As (x - 0 and v - 1) are required. flected optical wave, and thus reduces the effective

Surface morphologies on the growth of Al, reflectivity of the DBR structures. The quality of
Ga, ,As (x < 0.3) on GaAs have been studied the active layers grown subsequently on the top of
previously [8-11). However, the growth of high the DBR structures may also be degraded. It is
quality thick AIGa, ,As/AI,Ga, As DBR thus important to avoid this spatial instability in
structure with AlAs mole fraction near unity was the MBE growth of VCSELs employing the DBR
difficult (8,9]. As shown in fig. la, the transmis- structures.
sion electron microscopy (TEM) cross-sectional In this paper, we show that the roughness in

thick AIGaAs DBR structures may be eliminated

* Present address: Department of Electrical Engineering. Na- when employing the misoriented substrates.
tional Cheng-Kung University. Tainan. Taiwan. ROC. Threshold currents of the GaAs/ AlGaAs VCSELs
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Fig. 1. TEM cross-sectional image of (a) a 22.5-pair n-type Al0 1GaO09 As/AlAs DBR structure with a nominal Si doping
concentration of 5 x 1017

cm 3and (b) an n-mirror of a VCSEL.

were observed to be lower for those grown on 17.5-pair n-type (Si. 5 X 10 '7 cm - ) quarter-wave-
substrates with 4' off-(001) orientation toward length AlAs/Al0 1Ga,,As (720/618 A) DBR. an
(I1l0A face than those on substrates with the n-type (Si. 5 X 1017 cm 3 ) 0.13 p~m thick
(001) orientation. Consistency was found in the Al1 .3G11 7As confinement layer. a three-period
TEM cross-section study where the smoother DBR GaAs/ Al()Ga0 ) 7As (10/10 A) superlattice. a p-
interfaces were observed for the off-orientation type (Be. 5 X 10"6 cm -3) 0.47 pim thick GaAs
samples. We note that improved performance on active layer, a p-type (Be. 5 x 1018 CM- 3) 0.13 Ipm
edge emitting lasers grown on the off-orientation thick Al,,,G(,7As confinement layer, and a 5-pair
substrates was previously reported [10]. p-type (Be. loll cm- 3 ) quarter-wavelength Al017

Gao, As/AlOiGa,,9 As (700/618 A) DBR. The
three-period GaAs/AI11 3Ga. 7As (10/10 A) su-

2. Experimental perlattice grown between the n-AlG 0 7As con-
finement and GaAs active layers enhances the

We will first describe the layer structure of the quality of the active layer [12]. The DBR struc-
GaAs,/AIGaAs VCSELs grown by molecular tures were designed to have peak reflectivity at
beam epitaxy. followed by the discussion of the 0.87 pm wavelength. To eliminate the parameter
effects of the substrate orientation on the interfa- variation on the growth, the on-orientation and
cial flatness on the DBR structures and on the 4-off (001) GaAs substrates were mounted side-
lasing threshold of VCSELs. The VCSELs studied by-side on the rotating Mo-block. The nominal
here contain, starting from the GaAs substrate, a substrate temperature during the growth of the
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n-type 17.5-pair AlotGa 0 9As/AlAs DBR, meas- AIGaAs VCSEL wafers grown at the same run
ured by an infrared (IR) pyrometer. was either 580 with a substrate temperature of 630'C during the
or 630'C. The substrate temperature for the sub- n-type Al 0.tGa 0 9As/AIAs DBR growth. Rough
sequent growth of the n-Al0.3G 0.7As confinement interfaces are evident in the top several n-type
layer, GaAs active layer, p-type Al 0 3GaoAs layer DBR layers of the on-oientation substrate, while
and p-type DBR were 680, 570, 585 and 550*C, much smoother interfaces throughout the whole
respectively. The device processing of the VCSELs VCSEL structure were seen for the off-orientation
for the epitaxially grown DBR vertical cavity substrate. As previously mentioned, the roughness
structures involves mesa formation by wet chem- originated from the inherent spatial instability in
ical etching. ohmic contact formation by E-beam the AlAs growth regardless of the flat starting
evaporation of metals, and etching holes in the substrate. The use of the mis-oriented substrate
substrate for light transmission. The details were seemed to avoid the growth instability [11.13]. It is
stated previously [6,7]. well known that substrate misorientation towards

(1ll)B leads to a rough surface morphology for
both AIGaAs and GaAs. while misorientation to-

3. Results and discussion wards (I11)A leads to a smooth surface mor-
phology [9-11]. The implication is that the extra

Fig. 2 shows a section of TEM cross-sectional dangling bonds associated with the surface ledges
profiles of the on-orientation and 4°-off GaAs/ for (111)B misoriented substrate increase the

(a)

_ .- p-Al0 .Gao.GAs X/4 REFLECTOR STACK
p-Aia.7G0.3A

.--- p-A 0 .3Gao.As CONFINEMENT LAYER

p-GaAs ACTIVE LAYER

..- n-Ao. 3Ga. 7 AS CONFINEMENT LAYER
-----n-AIAs

0-_ n-Alo.,Gao.lfs X/4 REFLECTOR STACK

(b)

p-Al .iG%.3As X/4 REFLECTOR STACK

P-A10.3G. 7AS CONFINEMENT LAYER

p-GaAs ACTIVE LAYER

w--n-AI0.3Ga0.7As CONFINEMENT LAYER

--n-A. Gso.As X/4 REFLECTOR STACK

Fig. 2. A ,section of TEM cross-sectional images, which shows only the top three n-DBR pairs and n-confinement layers, of the
GaAs/AIGaAs VCSELs grown on (a) the (001) on-orientation and (b) the 40 off (001) GaAs substrates.

._
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chemical reactivity of the surface, which, in turn, versus current characteristics of the off-orientation
initiates the three-dimensional growth mode that axis grown VCSELs at room temperature were
the surface impurities which produce similar extra measured under pulsed condition with a pulse
dangling bonds on a (100) substrate may have the width of 200 ns and a duty cycle of 2%. The peak
same effect on the growth morphology. The rough output power is greater than 6 mW with a slope
surface morphology eventually is revealed in the efficiency of 0.2 mW/mA. The operating voltage
roughness of the interfaces in a heterostructure. at the threshold is 3.5 V. Similar lasing character-
The amount of the surface impurity accumulated istics were seen for the on-orientation grown
during the growth thus determines the degree of VCSEL with higher threshold currents on an aver-
the roughness in the interfaces [4]. For (111)A age.
misorientation surfaces, the number of dangling The threshold current (Ith) of VCSEL depends
bonds is less than (100) on-orientation surfaces on the mirror reflectivity and emission wave-
due to the presence of Ga-like surface ledges. The length. Due to the short cavity length. the wave-
reduced chemical reactivity renders a higher length of the Fabry-P~rot resonant mode (lasing
surface mobility for the adatoms, which may pro- wavelength) varies with the nonuniform spacer
duce the smooth surface morphology, and DBR layer thicknesses. The threshold current

The upper 5-pair p-type Al,,Ga, 9As/Al0 .7  of the off-orientation VCSELs varied from 12 t-)
Ga,,,As DBR structure was grown at a lower 40 mA. Correlations between the threshold cur-
substrate temperature of 550'C and a higher rent and emission wavelength were found, where
As 4/lll ratio to achieve a Be doping concentra- devices with low threshold currents of 12 to 20
tion of 1019 CM [ 15]. Not shown in fig. 2. flat mA have the emission wavelength in a spectral
interfaces in the p-type DBR structure were seen region of 860-875 nm. For the on-orientation
for the two samples. The growth of thick Al VCSELs. larger variation in I,1h of 20 to 60 mA
GaAs/ GaAs/ AIGaAs double-heterostructure ac- was seen, even with a substrate growth tempera-
tive region ( - 0.8 t±m) and the incorporation of ture of 580'C for smoother n-DBR growth. Both
superlattice region prior to the growth of the ac- the larger 11h variation and the higher 1~, value
tive GaAs layer [121 planarized the active surface indicate lower effective mirror reflectivities in the
on which the p-type DBR layers was deposited VCSELs grown on the on-orientation substrates
subsequently. The surface morphology of the than on the off-orientation ones, in agreement
VCSEL structures, examined under a Nomarski with the TEM study discussed earlier.
optical microscope, ;, essentially flat, independent Other lasing characteristics such as the circular
of the substrate orientation, two-dimensional Gaussian-like far-field and near-

The spatial instability shown in fig. 1 and 2a field spatial distributions, and linear polarization
was found to be reduced by employing a lower were similar to previously reported [6,7].
substrate temperature of 5800'C in the growth of
the n-type DBR structure instead of 630'C. Sub-
stantial improvement on the interface flatness was 4. Conclusion
observed by TEM. However the off-orientation
growth exnibited smoother interfaces than the The instability in the MBE growth of thick
on-orientation one, although the contrast of zigzag AIGaAs DBR structures was observed by trans-
roughness was not as drastic as shown in fig. 2. mission electron microscopy. The instability re-

A single longitudinal mode lasing characteristic sults in rough hetero-interfaces and can be re-
with a side mode suppression ratio of 40 dB and a duced by employing a lower substrate tempera-
resolution-limited linewidth of 2 A was observed ture. More importantly we observed that the insta-
for VCSELs independent of the substrate orienta- bility can be suppressed by using mis-oriented
tion. Due to the thickness variation of the sample, substrates for a wide range of growth temperature.
the emission wavelength varied from 850 to 880 A 20-50% reduction in the threshold current was
nm across the wafer. The typical light output achieved for the GaAs/ AIGaAs VCSEL with the

II



i'll. Wang et al/ Reduced current thresholds in GaAs/IA /GaAs VCSELS 1061

active layer of 0.47 Am thick grown on the 40 -off 15] R.S. Geels. S.W. Corine,. 1W. Scott, D.B. Young and

(001) toward (111)-A substrate than on the on- L.A. Coldren. IEEE Photonics Technol. Letters 2 (1990)

orietatin (01) oes.234.orinttio (01)ons.16] K. Tai, R.J. Fischer. C.W. Seabury, N.A. Qisson. T.-C.D.
Huo. Y. Ota and A.Y. Cho, AppI. Phys. Letters 55 (1989)
2473.

Acknowledgements [7l K. Tai, R.J. Fischer, K.W. Wang. S.N.G. Chu and A.Y.
Cho. Electron. Letters 25 (1989) 1644.

The authors would like to acknowledge N. [8] J. Faist. J.D. Ganjere. P. Buffat. S. Sampson and F.K.
Reinhart, J. AppI. Phys. 66 (1989) 1023.

Chand. IF Chen, D. Sivco and R. Hull for useful [9] N. Chand and S.N.G. Chu. unpublished.
discussion. 1101 H.Z. Chen, A. Ghaffari. H. Morko and A. Yariv. AppI.

Phys. Letters 51 (1987) 2094.
[111 R.K. Tsui,. IA. Curless. G.D. Kramer, M.S. Peffley and

References D.L. Rode. J. AppI. Phys. 59 (1986) 1508.
[12] RiJ. Fischer. J. Klein. TiJ. Drummond. W. Kopp, H.

Morko . E. Anderson and H. Pion, AppI. Phys. Letters 44
[11 F. Koyama. S. Kinoshita and K. Iga. AppI. Phys. Letters (1984) 1.

55 (1989) 221. [13] D.L. Rode. W.R. Wagner and N.E. Schumaker, AppI.
[2] I.L. Jewell. A. Scherer. S.L. McCall. Y.H. Lee, SIJ. Walker. Phys. Letters 30 (1977) 75.

I.P. Harbison and L.T. Florez. Electron. Letters 25 (1989) [14] P.M. Petroff. R.C. Miller. A.C. Gossard and W. Wieg-
1123. mann. AppI. Phys. Letters 44 (1984) 217.

[31 A. Ibaraki. K. Kawashima. K. Furusawa. T. Ishikawa, . (' 151 Y.C. Pao, J. Franklin and J.S. Harris. Jr.. J. Crystal
Yamaguchi and T. Niina, Japan. J. AppI. Phvs. 28 (1989) Growth 95 (1989) 301.
L667.

[4] D. Bote. L.M. Zinkiewicz. .J. Roth. L.J. Mawst and G.
Peterson. IEEE Photonics Technol. Letters 1 (1989) 205.



1062 Journal of Crystal Growth 111 (1991) 1062-1065
North-Holland

GaInAs/InP MQW and DBR growth for surface emitting lasers
by CBE

T.K. Uchida, T. Uchida, K. Mise *, N. Yokouchi, F. Koyama and K. Iga

Tokyo Institute of Technology. 4259 Nagatsuta, Midor-ku. Yokohama 227. Japan

Growth rates of 1 to 6 .tm/h were obtained for Ga0471n053As using all gas-source chemical beam epitaxy. Using these high
growth rates, quantum wells and distributed Bragg reflectors were g. vn to study thickness controllability and material quality.
Growth rate linearity of GalnAs was observed from growth times of 2 s to 1 h. The photoluminescence linewidth of 29 meV was
obtained for 38 A wells at room temperature. We also investigated doping with Si and Be at high growth rates as high as 2 x 1020

cm 
3 of Be doping in GalnAs was obtained. Finally, using high Si-doped GalnAs and inP. a multi-layered Bragg reflector was grown

yielding 85% reflectivity at a wavelength of 1.6 ,am.

1. Introduction However, to grow GalnAs/InP SE laser structures
at such high growth rates by CBE. we still need to

Since the first continuous wave operation of know some fundamental growth conditions. We
surface emitting (SE) laser was achieved [1], verti- have then grown and characterized QWs and
cal cavit (wave propagates perpendicular to the DBRs for future applications to SE lasers. It is
interfaces) SE lasers are drawing increasing inter- also very useful to have optical characteristics of
est in optoelectronics. To obtain high performance quantum wells at room temperature, especially for
SE lasers, the use of distributed Bragg reflectors device oriented crystal growth as a reference.
(DBRs) and quantum wells (QWs) has been in-
vestigated [2-4]. However, these technologies have
yet to be applied to long-wavelength (1.3-1.6 Am)
SE lasers. For developing such sophisticated de-
vices, the Ga, ln, - , As/lnP system is one very 2. Experimental
attractive choice. To grow high-reflective DBRs
and high-quality QWs in the 1.3-1.6 pm range, A Riber-made two-chamber CBE system and
fast growth rates with precise thickness control are
highly desirable because a typical SE laser needs a our originally designed cracking cell made of boron
total epitaxial layer of more than 5 pm. Also, a set ne nt lum wresed fr the experi
of DBRs with 95% reflectivity itself grows to be mt. For gs% triethydnmore than 5 pm [5]. To grow long wavelength SE (TM1) and 20% triethylgallium (TEG) in hydrogen

moretha 5 m [5. T grw lng wvelngt SE carrier gas were used. Pure arsine (AsH,) and
lasers, especially with semiconductor DBRs,

rate is then a crucial parameer. phosphine (PH 3 ) were used for the group V
growCh l bsources. Cracking temperature was kept at 900 C
Chemical beam epitaxy (CBE), which uses and valves were used instead of mechanical

metaiorganics and hydride gases under ultra-high shutters. The substrate temperature was fixed at

vacuum conditions can be advantageously used to 540 T adc stat mnitre b a pyoeter
grow GanAs(P)/InP at high growth rates I6,7]. 540*C and constantly monitored by a pyrometer

which was calibrated against the melting point of

lnSb. For doping, solid Si and Be were used in
* On leave from Anritsu Co.. Atsugi-shi, Kanagawa 243. Japan. conventional effusion cells.
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3. Results and discussion From TEM and X-Ray Diffraction

120

We used TMI flow rates to change InP and TMlo=0.72sccm
1~4,Asec /

GaInAs growth rates; the results are shown in fig. -

1. Also plotted in the figure are TEG flow rates to 80

maintain the lattice-matching condition. All sam-
pies were grown for 30 min. Growth rates of InP =.4040sc
linearly increased with TMI flow rates from about -o 0 7Asec

0.5 to 2.3 pm/h. However, GalnAs growth rates-0
did not increase linearly. The incorporation of 0 2 4 6 8 10

indium for a given arsenic is higher than that of Growth Time (sec)

gallium; therefore a larger amount of TEG is Fig. 2. Quantum well thickness for growth time is plotted for
GalnAs growth rates of 7 and 14 A/s. The thinnest well wasneeded to maintain lattice-match resulting in a about 14 A at 7 A/s.

non-linear growth rate increase. The highest

growth rate obtained with a mirror-like surface
was 6 pm/h for GaInAs. spectrum where up to 8 satellite peaks can be

Using growth rates of 7 A/s (2.52 Mm/h) and observed is shown. These results indicate that
14 A/s (5.04 pm/h), quantum wells were grown CBE is capable of growing materials at relatively
by changing growth time from 2 to 10 s. In fig. 2, high growth rates without losing controllability or
well thickness obtained from a transmission elec- crystal qualities.
tron microscope (TEM) and X-ray diffraction Silicon and beryllium were doped in GalnAs
spectrum are plotted for growth time. The slopes and InP using growth rates of 14 A/s for GalnAs
of these lines are in agreement with growth rates and 6 A/s for lnP. Hole and electron concentra-
obtained from bulk growth. Also, the intersections tions are plotted for the reciprocal of each effu-
of these lines are near the origin. This is different sion cell temperature in fig. 5. In GaInAs, we
from results obtained by metalorganic chemical successfully doped up to 2 x 1020 cm - 3 with Be
vapor deposition (MOVPE) [8]. Room tempera- [10] and 1.5 x 101 cm- 3 with Si.
ture photoluminescence spectra of QWs grown at The absorption edge of GaInAs is 1.67 pm, but
7 ,/s are shown in fig. 3. The narrowest linewidth this can be shifted to shorter wavelengths by dop-
obtained was 29 meV at room temperature and at ing GaInAs to highly n-type [11,12]. As a pre-
77 K, a linewidth of 8 meV was obtained for QW
samples grown at GalnAs growth rates of 7 and
14 A/s [9]. In fig. 4, a typical X-ray diffraction TMI=0.48scco T..b=540'C 7,Z sec

Room Temperature
tie-Ne Laser Nd:YAG Laser

T. - 34 c 38A 86,k

6 6AH -10 .ema * ' 14A 23A
PH- as *eem 13

GalnAs/ ~
TEGa 29me 45meV
• ./i " 49.e

l.I 40meV

0.2 04 0.6 0.8 1.0 0.8 1.0 1.2 1.4 1.6 1.8
TMIn Flow Rate teem) Wavelength irn)

Fig. 1. GalnAs and inP growth rates are shown for TMI flow Fig. 3. Photoluminescence spectra of quantum wells grown at 7
rates. For lattice-matching and non-linear increase of GalnAs, A/s are shown. Well thickness and linewidth are also indicated

TEG flow rates are also shown. in the figure.
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10 pairs 0 s
Ssec GalnAs

InP Barrier 240A T1Itn-O.48sccm -

.6 GalnAs Well 39A Be

. 102  "
73 , I a -. Si

63 ~101

61 62 63 64 65 66 -1o17

Diffraction Angle (26) 0.7 0.8 0.
Effusion Cell Temp. 10001K)

Fig. 4. Double-crystal X-ray diffraction spectrum is shown to t Fig. 5. Hole and electron concentrations are shown for recipro-
indicate periodicity of GalnAs well and InP barrier. Up to 8th cal of each effusion cell tempralure. In GalnAs. 2 x 102

order of satellite peak can be observed. cm - 'of Be doping was achieved.

is still in consideration because of the impurity
absorption due to high doping. Further investiga-

liminary experiment, we designed and grew an tion is necessary.
18-pair Si-doped (1 X 101 cm -3 ) GalnAs/lnP
DBR for a wavelength of 1.6 [tm at growth rates
of 14 A/s for GaInAs and 6 A/s for InP. Reflec- 4. Conclusions
tivity of this DBR was measured and is shown in
fig. 6. The highest reflectivity obtained was 85% at We have grown QWs and DBRs at relatively
1.6 psm. For a typical DBR growth, we must have high growth rates by CBE. Even at high growth
less than 2% of fluctuations in thickness to have a rates, high quality QWs were obtained and wave-
maximum reflectivity at a desired wavelength. This length could easily be selected. For DBR growth,
result shows that we have good thickness control- it would be unrealistic to use slower growth rates
lability and periodicity using CBE at high growth for real time device growths. Doping levels were
rates. The use of GalnAs/InP for DBRs, however, also well-controlled and we have shown high dop-

100 a

Experiment

so

01.4 1.5 1.6 1.7 1.8
Wavelength (pm)

Fig. 6. (a) Reflectivity of an 18-pair GalnAs/InP DBR GalnAs was doped to I x 10'9 cm 3 with Si. (b) Scanning electron

microscope picture.
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MBE grown, visible, surface emitting harmonic generation lasers

R.L. Williams, F. Chatenoud
Solid State Optoelectronics Consortium, Molecular Beam Epitaxy. National Research Council, Ottawa, Ontario, Canada KJA OR6

and

R. Normandin
Optoelectronic Devices, National Research Council, Ottawa Ontario, Canada KIA OR6

Using an MBE grown GaAs/AIGaAs multilayer structure in a waveguide geometry, we show that an enhancement for surface
emitting harmonic generation in excess of 10 million can be achieved. Based upon this effect, we propose a design giving monolithic
surface emitting laser sources tuneable from red to blue in the visible spectrum.

1. Introduction The formal approach to evaluate the radiated
field is based on a surface Green function ap-

Previous work by Normandin and Stegeman proach first developed by Sipe [2]. From eq. (1) we
[1], has reported the non-linear mixing of oppo- see that the non-linear polarisation will depend
sitely propagating guided waves. The resultant strongly on the exact shape of the mode amplitude
field in such an instance is coupled to radiation distribution and polarisation. We consider the

modes and propagates in a direction perpendicu-
lar to the waveguide surface in the case of equal
frequency fundamentals. The overlap of the two Radiated

oppositely propagating fields may be viewed as Harmonic

giving rise to a non-linear polarisation source: Light

Fibre Fibre
I= 0 d,, E,(y)E_(y)

x [exp(2iwt) + exp(-2ikx)], (1)

where d,, is the second harmonic coefficient, and
the oppositely propagating fields are given by AIGaAs Buffer

E += E(y) exp[i( wt ± kx)]. (2) GaAs Substrate

In bulk media, such a process is non-radiative
due to the simultaneous requirements of energy
and momentum conservation in all directions. This
is not the case for the waveguide geometry de- Fig. 1. Experimental geometry used for non-linear harmonic
picted in fig. 1. cross-section measurements.

0022-0248/91/$03.50 'f 1991 - Elsevier Science Publishers B.V. (North-Hollandl
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polarisation distribution as a series of thin dipole 1 0-

sheets parallel to the waveguide surface: 1 Gaks film

P(y') = P!'1 )(YM -y'), (3) Aasfl

and then integrate the contributions from each 10 -

sheet following the actual amplitude and phase
distribution of the non-linear polarisation. 10-1

If the depth variation of the refractive index is
small for the radiated field, then its form will be
given by 10- 10

E'(y) = E, (y) exp(F ik'y), (4)

where + and - indicate the presence of both 10

surface and substrate directed harmonics. The 0 200 400 600 B0o 1000

wavevector, k' = nk, is at the harmonic frequency, thickness (nm)
with n the index of refraction, again at the Fig. 2. Harmonic cross-section for a free standing GaAs layer.

harmonic frequency. Substitution of eq. (4) into with fundamentals at 1.06 ,m.

Maxwell's equations, with the non-linear driving
term

that cancel exactly in the far field. The situation is
P(y)= J - ' (5) more complex in reality, since the non-linear

polarisation varies in magnitude throughout the
gives the field intensity radiated from the surface waveguide. For a fixed input intensity, the guided

as proportional to SS *, where, fundamental field decreases with increasing guide
thickness, resulting in a sharp reduction in radia-~ nl( '

S. (y )exp{-ikon(y')y'} dy'. (6) ted harmonic.
n(y') In order to get usable devices, the second

harmonic interaction cross-section, Ann utb
Experimentally. a more useful quantity is the impovn i't creasecti n must be

harmonic cross-section, A, defined as the har- improved and its decrease with thickness con-
monic radiated intensity, normalised to an area of troled, even in the presence of substantial materi-
ImIc m. radiad inte ent alse of n arteasiof: als losses at the harmonic frequency. We have
1 mm×x 1 cm, for fundamentals of unit intensity: achieved this by tailoring the refractive index vari-

(7) ation with depth, n(y') in eq. (6), so that all
non-linear field contributions are in phase in the
far field. This is achieved by introducing alternat-
ing layers of GaAs and AIGaAs into the wave-

2. Results and discussion guide structure.
Assuming similar non-linear coefficients for

As an example, and neglecting materials losses, GaAs and AIGaAs, calculations were performed,

the cross-section for a thin GaAs layer is shown in using fully complex refractive indices and hence

fig. 2. This calculation is for 1.06 pm for the including absocption losses, for alternating Al-

fundamental, and was performed several years ago GaAs layers of various compositions in a wave-
by Vella et al. [3]. guide geometry, with an AlGaAs buffer layer. The

Strong interference effects are evident, which results of this calculation, for alternating layers of
can be explained when it is realised that, to a first Al 0 9.Ga 01 As and AI 0.7Gao.3As on an AlogGa 01 As
approximation, dipole sheets which are separated buffer, at a wavelength of 1.06 Am for the funda-
by half a wavelength will produce contributions mental, are shown in fig. 3, together with a similar

I L
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Thickness (Arm) Fig. 4. Harmonic cross-section versus multilayer period, with a

Fig. 3. Harmonic cross-section for an Alo0 Gao0 As/Alo.7  total thickness of 1 pm. for an AlogGao0 As/AIo.7 Gao.3As
Gao.,As multilayer waveguide, and a uniform GaAs wave- multilayer waveguide with an Alo.gGa 0 As buffer. The funda-
guide, both with an Alo 9Gao0 As buffer. The point shown is mental is at 1.06 pm.
the experimentally determined cross-section for this sample

design. The fundamental is at 1.06 pm.

diagram, that because the number of layers is
calculation for a uniform GaAs waveguide on the small, the main resonance peak is extremely broad.
same buffer. Note the uniform cross-section with Thus the overall design is not sensitive to varia-
thickness, as well as the enhancements in excess of tions in material composition or layer design.
10 million in some regions of the diagram. Initial experiments using the geometry depicted

Considering that the layer spacings in the wave- in fig. I have been performed to gauge the validity
guide are at half wavelengths of the harmonic light of the theory described above. The average power
(i.e. of the order of 600 A), and that the total coupled into the waveguide was less than 70 pW,
waveguide thickness is approximately I pm, there with a repetition rate of 7.7 kHz and pulse widths
cannot be many layers active in the film. To of 200 ns. The 1.06 jtm light source was an un-
indicate the non-critical nature of the "tuning" in polarised CVI Nd-YAG laser. Because of the
these structures, fig. 4 shows the variation with orientation of the (100) substrates, a mixture of
period of the harmonic cross-section for a thick- TE and TM polarisation must propagate in the
ness of I gem. The overall log curve is similar to waveguide in order to have any harmonic signal
that from an antenna array in aperture microwave generated. Substrates with a (111) orientation are
designs, to which it is related. It is clear from this being used to overcome this limitation. The mode

Table I
Predicted and measured harmonic cross-section enhancements over uniform GaAs for three different multilayer waveguide
structures; the fundamental is at 1.06 pm

Layer I Layer 2 Waveguide Predicted Measured
thickness enhancement enhancement
(#m)

A 4oGa 0 .As GaAs 0.6 750 x 800 x
AI 0 .sGao.2At GaAs 0.6 3000 x 2400 x
A1o0 $a o.As AI 0 7Gao3 As 1.0 100000x 5000000 x
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beating expected in the harmonic signal was clearly magnitude. If we view the electromagnetic field
visible when imaging the harmonic, green, surface propagating in a laser cavity, consisting of a wave-
emission. The mode beating gave rise to a surface guide for light confinement, as two contra-propa-
array of sources spaced a few hundred microme- gating fields of identical wavelength, then applica-
ters apart. As the coherent array radiated, several tions of the second harmonic enhancement dis-
sharp side lobes could readily be seen with the cussed above are obvious.
eye. The results of harmonic cross-section mea- As an example, a possible geometry for an
surements on three different multilayer waveguide electrically pumped, visible, surface emitting,
structures are given in table 1. These structures harmonic generation laser, on a (111) orientation
were grown by MBE in a Vacuum Generators substrate, is shown in fig. 5. The device consists of
V80H deposition chamber at growth rates of ap- two separate regions, an active region and a
proximately I )um h-1 and at substrate tempera- radiating region, with the layer structure for both
tures of approximately 700'C. regions being identical prior to any post growth

In a laser cavity, the circulating power is several processing. The active region, to the right in fig. 5.
orders of magnitude greater than that used in our is a standard p-i-n SCH semiconductor diode
test experiments. In a ridge geometry, further con- laser structure, except that the quantum well is
finement exists in the plane of the guide and embedded in a multilayer waveguide. The material
power densities are increased by another order of above the multilayer waveguide is the p-type clad-

ding region common to typical diode lasers.
H ...... -The radiating region, to the left in fig 5, has the
L'ght material above the multilayer waveguide removed.

to allow harmonic radiation from the surface. This
process can easily be facilitated with the inclusion
of an etch stop layer. The laser mirrors are the
front and back cleaved edges of the chip. Indeed,
by providing 100% mirrors for the fundamental
wavelength, the overall lasing threshold can be

Reglve substantially lower than that of a conventional
Reg,oo laser. By using conservative estimates of the ridge

width and length, and of the intra-cavity lasing
power of a typical lnGaAs laser for example. a
radiated field of better than 0.1 mW CW is ob-

....... ... ' tained for green operation. The full visible spec-
trum can be reached by using lnP (red). InGaAs
(yellow, green) or GaAs (blue).

GaAs Barrer 3. Conclusions

InGaAs Quantum Well

By using an AIGaAs multilayer structure in a
waveguide geometry, we have shown the feasibility
of enhancing the harmonic surface emission by
factors in excess of 10 million. Harmonic cross-
section measurements on MBE grown multilayer

Fig. 5. Geometry for an electrically pumped. visible, surface structures in this geometry show good agreement
emitting harmonic generation laser using an InGaAs QW with theoretical predictions. A possible geometry
embedded in a muhilayer AIGaAs waveguide. Lasing and
radiating regions differ only by the controlled etch off of the for electrically pumped, surface emitting. visible.

p-type cladding regions for the radiator, harmonic generation lasers is discussed.

..................................
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A simple way to reduce series resistance in p-doped semiconductor
distributed Bragg reflectors
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A novel method has been used to smooth out the energy band discontinuity at the heterojunction of AlAs and GaAs in
quarter-wave di-fributed Bragg reflectors (DBRs) by linearly grading the Al and Ga compositions. This has been achieved by simply
varying the cell temperatures of Al and Ga. No shutter operation was used during the MBE growth of these DBR mirrors. Low series
resistance at a moderate doping (3 X 1018 cm ') and high optical reflectivity have been obtained in the p-type DBRs using our
approach. These p-DBRs were characterized by high-resolution X-ray diffraction, optical reflectivity, and electrical measurements.

I. Introduction give large series resistances, particularly in the
p-type doped case. In the case of vertical cavity

Distributed Bragg reflectors (DBRs) consisting surface emitting lasers, the series resistance in the

of periodic quarter-wave stacks of low and high DBR mirrors causes thermal heating and thus
refractive index compound semiconductors find deteriorates the laser performance.
applications in many optoelectronic devices such As has been known, the series resistance can be
as vertical cavity surface emitting lasers [1 --31. For reduced when the barrier height at the heterojunc-
the GaAs/AlAs system, very high reflectivity has tions is lowered. Experimentally, lowering of the
been achieved by choosing the largest possible barrier height has been achieved by modify the
refractive index difference between the two con- band discontinuity by inserting an AlGaAs region
stituents, with compositions of the chosen con- with either one intermediate composition [4] or a
stituents being determined by the need of the range of smoothly graded Al compositions 14.5].
experiments. However, the potential barriers at The latter approach of using graded Al composi-
the heterointerfaces (between the two constituents, tions has been implemented by growing 10-20 A
for example. GaAs and AlAs) due to the energy short periods of multilayers with a variable duty
bandgap difference impede the carrier flow and cycle such that the average Al content is smoothly

0022-0248/91/$03.50 I
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graded. Recently, another approach using two or as a function of time to produce a desired graded
three AIGaAs layers of intermediate compositions interface. The temperature controllers used here
was applied to the growth of p-DBRs to lower the are the Eurotherm 822, and the power suppliers
series resistance f6,7]. are the Hewlett-Packard (HP) System Power

Shutter operation during the MBE growth has Supply with a capacity of 0-60 V, 0-50 A, and
been employed in all the methods mentioned 1000 W.
above. Particularly for the approach using short- Typical temperature profiles from the thermo-
period multilayers, over 20 shutter operations have couple readings of Al and Ga effusion cells are
been used for the growth of each period in the plotted in fig. 1. During the growth of an AlAs
DBR mirror. As a consequence, several hundred layer as indicated by (a) in the figure, the Ga cell
shutter operations are needed for one single growth temperature was lowered to 7800 C to give pure
of a vertical cavity surface emitting laser. Any AlAs growth. In the case of AIGaAs growth, the
fault in shuttering, even if only once during the Ga cell temperature was raised slightly higher to
entire growth, will ruin the device performance. produce an AIGaAs layer with a designed com-

In this paper, we present a simple approach to position. For the growth of GaAs (as indicated by
smooth out the band discontinuity at the hetero- (c) in the figure) or the Ga-rich AIGaAs, the Al
junction of GaAs/AlAs by linearly grading at Al cell temperature was lowered to produce a desira-
and Ga compositions without any shutter operation ble composition. Regions (b) and (d) are the com-
during the MBE growth. This has been achieved position graded area in which the Al cell tempera-
by varying the effusion cell temperatures of Al ture was varied from 980 to 1150'C and that of
and Ga simultaneously, and repeating the se- Ga from 930 to 7800C. The temperature profiles
quence of the temperature profiles. We have for Al and Ga were chosen to keep the total
achieved excellent results in the p-DBRs using our growth rate of the AIGaAs constant and the same
present approach. i.e. low series resistance at a as those of the AlAs and GaAs.
moderate doping level and high optical reflectiv- Note that growth rate versus temperature is not
ity. The growth rate of AlAs, GaAs, and graded linear. A linearly graded Al (or Ga) content
AIGaAs regions has been kept almost the same; throughout the region has been approximated.
thus a constant doping profile has been main-
tained throughout the entire DBR. We have re-
duced the specific series resistance in the p-DBR G,aded

of 8 pairs of GaAs/AlAs to 5 x 10-4 j2 cm 2 for a Y AGaAs

doping concentration of 3 x 101' cm -, and to 2 -1150

7 x 10 ; cm" for a doping concentration of ?I
8 X 1018 cm . . .. . .b)

980

2. Experimental GaAs

The growth rates of GaAs, AlAs. and AIGaAs 1
as functions of cell temperatures of Al and Ga -- .
have been calibrated initially using RHEED oscil- I
lations and from the flux gauge readings. A more
accurate determination of the growth rates has o - 780
been carried out by high-resolution X-ray diffrac- _,

tion 18) and optical reflectivity measurements on Time 0Growth
DB~sof t last5 peiod. Te gowthrat inor-Direction

DBRs of at least 5 periods. The growth rate infor- Fig. 1. Temperature profiles of Al and Ga cells as function of
mation was fed into a computer program which time for a growth of a DBR mirror with linearly graded
tailors the change of Al and Ga cell temperatures interfaces.
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therefore, by an adjustment in temperature ramp High-resolution X-ray diffraction (HRXRD)
rate versus time (i.e. distance). has been implemented to evaluate the structural

The series resistance measurements were per- quality of the AlAs/GaAs DBRs. The X-ray stud-

formed on samples grown with the following se- ies were carried out with a previously described
quence. A buffer layer of n-GaAs followed by one HRXRD geometry [10]. X-ray scans were taken

of p-GaAs both 0.5 Am thick was grown on the along the [h00] direction in the vicinity of the
n-GaAs substrate before the growth of p-DBRs. (400) and (200) reflection with the diffractometer
The DBR layers have nominal Be doping con- run in the 8-20 mode.
centrations of 3 x 1018 and 8 x 1018 cm -3 , respec-
tively. The very top layer (100 A) of the DBRs has
been doped heavily to 3 X 1019 cm - 3 for the con- 3. Results and discussion
tact. Alloyed AuBe or Ag metals were used as
electrodes. Using our method described above, the growth

A direct I-V measurement was performed on rates for AlAs, GaAs. and graded AIGaAs were
mesas 30 Aim in diameter. The mesas were formed kept constant. This has been achieved by using
by wet chemical etching down to the n-type GaAs one Al and one Ga cell. In the case of one or two
layer. The series resistance was determined from intermediate layers in the DBRs, two Al and two

the forward diode current versus voltage (I- V) Ga cells may have to be employed to achieve a
characteristics between 2 and 2.5 V. Another elec- similar result [6,71.
trical measurement was a standard transmission With the cell temperature varying up and down
line measurement [9] performed before and after in the graded region. we notice that there is an
etching away all the DBR layers between the overshooting during the temperature rising and an

metal contact pads. undershooting during the lowering of temperature.

I i I ! I r 1 1 . I I' I I I I I I I I I I

(a) AIAs/GaAs (b) , AlAs/GaAs

-- -GaAs (400)
- (400) GaAs (200)

z z

0 0
z- I'- ' I

5 PERIODS
/ , SHARP INTERFACES-

5 PERIODS
SHARP INTERFACES

/ -A-'..'; ' ,

8 PERIODS ' 8 PERIODS
LINEAR GRADED INTERFACES LINEAR GRADED INTERFACES

i t t I I I I I I I [

33 33.5 15.5 16
0 DEGREES 6 DEGREES

Fig. 2. X-ray scans of 5-period (1571 A) and 8-period (1398 ) AlAs/GaAs DBRs in the vicinity of (a) (400) and (b) (200) reflections.
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This is clearly shown in fig. I for both Al and Ga the case for the 8-period DBR. This is to be
cells. The overshooting or undershooting in tern- expected since interfacial composition grading in
perature is inevitable because the variation is over the 8-period DBR causes the intensities of the
the growth of such thin layer as 100-300 A. It is satellite peaks to decrease with increasing order
very difficult for any temperature controller to number.
regulate the cell temperature in such a short period Optical reflectivity of the DBRs with sharp
of time with a temperature change of - 150*. The interfaces and those with linearly graded interface,
length of time to grow the graded region is be- in theoretical calculations, shows a small dif-
tween 0.5 to 2.0 min, depending on the thickness ference in the peak reflectivity, while the one with
of the region. However, the performance of the sharp interfaces has a larger bandwidth. An extra
DBR as a mirror would not be affected because pair or two added to the DBR with linearly graded
this temperature overshooting or undershooting interfaces, however, increases the peak reflectivity
has periodically repeated itself as shown in fig. 1. over the one with sharp interfaces. Our experi-
As long as the temperature variation repeats itself, mental measurements on various types of DBRs
the periodic multilayered DBR is obtained as indi- are in good agreement with the theoretical calcula-
cated by the high-resolution X-ray diffraction pat- tions. However, we should caution that there is an
terns (fig. 2). As a consequence, the reflectivity as uncertainty in the measurement of peak reflectiv-
a function of wavelength and the position of peak ity. The measurement on the bandwidth, on the
reflectivity for the DBR mirrors prepared by our other hand, is more accurate.
method fulfill what we have originally designed Recently, several new designs of the p-type
for. semiconductor quarter-wave DBR have been made

Fig. 2 shows the X-ray scans of a 5-period to lower the series resistance by reducing the
(sharp interfaces) and a 8-period (linearly graded sharpness of the interfaces in the mirrors: For
interfaces) AlAs/GaAs DBR grown on GaAs example, in the case of GaAs/Alo.7 Gao-3As, mod-
(100). The strong and sharp satellite peaks are ifications have been made by inserting an inter-
generated by the well-defined periodicity of the mediate layer 200 A thick of Al0 .35Ga 0 65As or
DBRs. irrespective of the presence of interfacial superlattices of GaAs(10A)/AI 0.7Ga 0.3As(I0A)
grading. The periodicity of the DBRs is consistent at the GaAs/Al0 .7Ga 0.As heterointerfaces. The
with the repetition of the temperature variation as specific DBR series resistance was found to be
shown in fig. 1. The period of the DBR as calcu- reduced by two orders of magnitude to about
lated from the position of the satellite peaks is 6 X 10' 92 cm2 for a doping concentration of
1571 A for the 5-period and 1398 A for the - 10"1 cm - 3 [4]. These modifications have not
8-period DBR. The calculated periodicity from much altered the optical reflectivity, though at
X-ray diffraction measurement is consistent with these doping levels, free carrier absorption loss
the growth rates deduced from the RHEED oscil- becomes significant.
lations and with the optical reflectivity measure- For a lower doping level of - 1018 cm-'. the
ment. DBR using only one intermediate layer may not

The (400) satellite intensities are predominantly have low enough resistance. Therefore, for the
affected by the strain modulation, while the (200) DBR consisting of AlAs/GaAs, which has a higher
satellite intensities are more sensitive to the chem- potential barrier than the one with Al0 .7Ga 0.3As/
ical modulation. Although the composition and GaAs, the low resistance in the DBR can be
corresponding strain in the interfaces of the 8- achieved by the approaches using graded interface
period AlAs/GaAs DBR are linearly graded, the or two intermediate layers. Using our method
presence of strong, sharp satellite peaks still dem- discussed above, we have reduced the specific
onstrates a well-defined periodic structure. The series resistance in the quarter-wave DBR of 8
scans of the 5-period AlAs/GaAs DBR show the pairs of GaAs/AlAs to 5 X 10' £2 cm2 for a
presence of slightly more, higher-order weak satel- doping concentration of 3 × 108 cm - '. With a
lite peaks further away from the main peak than is doping level at 8 X 1018 cm - 3, the specific series
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resistance in the 8-pair DBR (AlAs/GaAs) was growth, thus maintaining a constant doping level.
measured to be 7 × 10 -- 2 cm2 . Note that the Low specific series resistance has been achieved in
optical reflectivity of the DBRs with a graded the p-DBR of 8 pairs of GaAs/AlAs to be 5 X
interface should be higher than those with one or 10 - 4 2 cm 2 for a doping level of 3 x 1018 cm - 3.
two intermediate layers.
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MBE growth of InP/InGaAs MQW modulators

E.G. Scott and M.A.Z. Rejman-Greene
British Telecom Research Laboratories. Martlsham Heath. Ipswich IP5 7RE. UK

Matched Stark effect MQW optical modulators in the InP/'InGaAs materials system have been grown using double sided epitaxy
(DSE) on both sides of a single InP wafer by gas source MBE. Coupled multi-quantum well stacks have been used to reduce the
operating voltage of the devices (1.2 dB at - 6 V unbiased), and group Ill cells incorporating conical crucibles have greatly improved
the area uniformity (exciton absorption peak ± 3 nm over 2 inches) making feasible the fabrication of modulators operating at the
same wavelength over an entire wafer.

Parallel optical processing is becoming increas- Improvements in thickness and compositional
ingly important in overcoming electrical wiring area uniformity in InP/InGaAs MQWs have been
bottle-necks in high capacity data transfer. A- achieved by attention to geometric factors involv-
chieving spatially parallel interconnects using ing the sources and the substrate. The use of
Stark effect modulator arrays 11.21 places stringent group Ill sources with conical crucibles having
demands on the growth of device material. The walls 7.5' to the normal and an orifice diameter
requirement for large area arrays, low voltage op- of 29 mm, a source to substrate distance of 145
eration, sharp absorption edges, and novel optical mm, and an angle of 24' between the sources and
architectures has necessitated the growth of the normal through the centre of the wafer yields
MQW's in the InP/lnGaAs materials system with thickness and compositional uniformities of
excellent lateral and vertical uniformity and mor- ± 1.5% and ± 50 parts per million respectively.
phology, growth on both sides of the wafer, and Fig. I shows a Fourier transform infra red (FTIR)
the development of coupled multi-quantum well absorption spectrum line scan from the middle to
devices. the edge of a 2 inch wafer in 5 mm steps. The

The growth was carried out by gas source MBE wavelength of the absorption edge varies by ± 3
using a VG V80-H chamber with conventional nm over a 2 inch wafer making feasible the fabri-
solid sources for the group III elements and cation of modulators operating at the same wave-
dopants, and 100% arsine and phosphine gas for length over the entire wafer.
the group V sources. The gas flows were con- The use of conical crucibles in the group III
trolled by mass flow controllers and pre-cracked cells lead to flux transients due to shutter oper-
using a low pressure tantalum catalytic cracking ations which were too large and long lived to
cell operated at 1000-1050*C. The growth rates permit the ramping technique to be used effec-
for lnP and lnGaAs were - I and 2 #m ht. tively. In this case it was found that the In and Ga
respectively, at a growth temperature of 525°C. fluxes responded in unison to the opening of the
Abrupt lnP/lnGaAs heterojunctions were a- shutter so that the problem was the less serious
chieved using a group II source ramping tech- one of change of growth rate rather than of mis-
nique to eliminate flux transients due to shutter match.
operation and a growth interrupt of the order of Double sided polished [100] lnP (S - I x 1019
15 s to allow pumpdown of group V gases between cm- 3 ) wafers were used. The wafer preparation
layers [3,41. consisted of etching with H2SO4, HNO3 and 10%

0022-0248/91/$03.50 1) 1991 - Elsevier Science Publishers B.V. (North-Holland)
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wavelength microns Fig. 2. Fabrication details and layer structure of the double

Fig. 1. FTIR absorption line scan of an InP/InGaAs MQW sided MQW modulator device.

stack measured at 5 mm intervals from centre to edge of a 2
inch wafer grown using group Ill sources incorporating conical

crucibles. window. 2 x 2 arrays of optically coupled devices

125 lum apart with separate electrical addressing

HCI before mounting in an indium-free sample have been fabricated. For this structure containing
holder. The sample holder consisted of a molyb- 100 quantum wells on each side of the wafer a

denum ring containing a whole 2 inch InP wafer total modulation depth of 3.8 dB was achieved for
with a sapphire backing slice mounted slightly out a - 10 V excursion from a - 10 V bias voltage.of contact with the lnP. Fig. 3 shows the (FTIR) absorption spectra

An important feature of indium-free mounting from the MQW layers on both sides of the wafer
is the preservation of the integrity of the back of compared with the individual contributions from
the wafer during growth. For the DSE growth, adjacent points on each side (within - 0.5 mm of

after the first epitaxial layers (side A) were grown each other), measured by cleaving the wafer and

the wafer was removed from the MBE reactor, etching off the epilayers from the side opposite to

turned over and with no further cleaning or pre- the side being measured. The wavelength, step

paration replaced in the reactor. Epitaxial layers height and gradient of the absorption edge are

were then grown under the same conditions on the
second side (side B). 2

DSE allows matched or different devices to be 1 1
grown on the back and front of the wafer. For the double sided growth
MQW optical modulator this provides a powerful 0

way of gaining extra modulation depth at the 9 g

same operating voltage or extra functionality on 8
the chip. By working in the InP/InGaAs materials c 7 E
system where the substrate is transparent at the 6

operating wavelength it has been possible to adopt 5
a parallel optical bus architecture where wafers 4
are "stacked" together and the light beam is trans-
mitted through the stack perpendicular to the [100]
faces of the wafers [5]. 2

The DSE layer structure is shown in fig. 2. The wavelength microns
p-n junction was formed subsequent to the epi- Fig. 3. FTIR absorption spectra from the entire double sided
layer growth by Zn diffusion through a 60 nm structure and from the A and B sides separately.
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identical within experimental error for the layers 3

on the A and B sides of the wafer.
Double crystal X-ray diffraction patterns also ,

indicate that the crystalline quality, period and 2

mismatch in the MQWs are very similar between c I ,

the A and B sides of the wafer as can be seen in (D b
fig. 4. The area uniformity is dominated by the a

system geometry and it is found that the A and B t
sides closely resemble each other over the entire 0
wafer, exhibiting circular symmetry due to sub- - ,
strate rotation. Furthermore, modelling of X-ray
diffraction results has shown that the InP/In-
GaAs interfaces are extremely narrow, of the order
2-3 monolayers 141.

The complexity of double sided processing is -2
1 4 1.45 1.5 1.55 1 6

illustrated in fig. 5 which shows the difference in wavelength microns
transmission with voltage for the A and B side Fig. 5. Absorption difference spectra for the double sided

devices. The B side device has a larger modulation modulator. Bias voltages relative to - 10 V offset: (al. (b) at

depth for a given voltage than the A side. This is - 5 V; (c), (d) at - 10 V: (- ) A side: (-- ) B side.

probably due to a Zn diffusion "push-on" effect
shifting the position of the A side pn junction into
the MQW stack during the subsequent Zn diffu- Optical modulator devices comprising a con-
sion of the B side. ventional 200 period InP/lnGaAs MQW stack as

the i region of a pin structure typically operate at
a voltage of - -30 V to give a modulation depth
of 3 dB. The magnitude of the applied voltage can
be a limitation of this device in a practical circuit.

A This may be over come by operating a smaller
voltage swing from a fixed bias voltage, e.g. the

conventional 200 period structure gives - 1.75 dB
2- modulation depth for a - 6 V applied on a - 15 V

bias. Where bias voltages are not desirable cou-
pled multi-quantum wells can be used. In a cou-

I L pled well system the quantum well wavefunctions
0 2000 4000 6000 8000 10000 12000 14000 are made more sensitive to the applied field by

4 inserting a thin (20 A) barrier in the middle of the

quantum well. A modulation depth of 1.2 dB for
an unbiased -6 V applied voltage has been

3 B achieved. The coupled multi-quantum well struc-
tures consisted of 200 periods of (60 A lnP/30 A
InGaAs/20 A InP/30 A InGaAs) in the MQW

2 region of the device. The morphological defect
count was - 400 cm- 2 and after fabrication 99%
of devices had leakage currents less than 10 nA at

0 2000 4000 8000 8000 10000 120 14000 - 10 V. These results allowed working arrays of
relative bragg angle (secs) 10 x 10 devices (pitch 125 lim) to be made. Speed

Fig. 4. Double crystal X-ray diffraction patterns from the A measurements carried out on a 4 x 4 array showed
and B sides of the double sided structure, a data rate of 100 Mbits-1 X 16 channels in a



E.G. Scott. M.A. Z Rejman-Greene / MRE growth of nP/fn;aAs MQW modulatory 1079

parallel interconnect system. In this case the data [21 R. Sahai. R.B. Bailey, C. Lastufka. S.C. Hong. W.Q. Li. J.

rate was limited by the speed of the CMOS drive Singh and P.K. B1hattacliarya. in: Proc. SPIE Conf. 1151:

circuitry, the bandwidth of a Stark effect MQW Optical Information Processing Systems and Architectures.
San Diego. CA. 1989.

optical modulator in the GaAs/AIGaAs system 131 E.G. Scott. S.T. Davey, M.AG. Halliwell and G.J. Davies.

has been measured to be at least 5.5 GHz [6]. J. Vacuum Sci. Technol. B6 (1988) 603.
[41 E.G. Scott. M.H. Lyons. M.AZ. Rejman-Greene and G.J.

The authors would like to acknowledge Dr. Davies. J. Crystal Growth 106 (1990) 249.

M.AG.Haliwll ortheX-aydiffraction analy- [5] N. Barnes. P. Healey. P. McKee. A.W. O'Neill. M.A.Z.
M.A.. Hlliwll or te XrayRejman-Greene, E.G. Scott. R.P. Webb and D. Wood.

sts and Dr. G.J. Davies for useful discussions. Electron. Letters, to be published.

16] G.D. Boyd. J.E. Bowers. C.E. Soccolich. D.A.B. Miller.
D.S. Chemla. L.M.F. Chirovsky. A.C. Gossard and i.H.

References English. Electron. Letters 25 (1989) 558.

[11 M.A-Z. Rejman-Greene. E.G. Scott and E. McGoldrnck,
Electron. Letters 24 (1988) 1583.



1080 Journal of Crystal Growth 111 (1991) 1080-1083
North-Holland

Quantum-confined Stark effect in InGaAs/InP multiple quantum wells
grown by solid source molecular beam epitaxy

P.A. Claxton, M. Hopkinson

Department of Electronic and Electrical Engineering, University of Sheffield. Mappin Street. Sheffield SI 3YD. UK

J. Kovac
Microelectronics Department. Slovak Technical Unwersity. 812 19 Bratislava. Czechoslovakia

G. Hill. M.A. Pate and J.P.R. David
Department of Electroni and Electrical Engineering, UniversitV of Sheffield Mappin Street. Sheffield SI 3JD. UK

We report the first observation of the quantum-confined Stark effect (QCSE) in Ino.53Gao 47As/lnP multiple quantum wells
(MQWs) grown by solid source molecular beam epitaxy (SSMBE). MQW PIN diodes have been fabricated with reverse bias leakage
currents of = 10 nA at - 35 V. for 400 lim diameter mesas. Room temperature photocurrent measurements on diodes with nominal
55 A wells show well resolved excitonic absorption at around 1.55 A.m and exhibit shifts of up to 39 meV at - 35 V.

1. Introduction barriers. Both systems are lattice matched to InP
substrates. Until recently, metalorganic vapout

The quantum confined Stark effect (QCSE) [1]. phase epitaxy (MOVPE) has been preferred for
in semiconductor quantum well structures, is of the growth lnGaAs /lnP multiquantum wells
considerable technological interest as it can form (MQWs) [4], and molecular beam epitaxy with
the basis of high speed modulators and switches solid sources (SSMBE) for the InGaAs/AllnAs
for use in optical fibre communication systems. MQWs [5]. This situation has arisen because of
The application of an electric field perpendicular the difficulty of handling phosphorus in MBE
to the plane of the quantum wells results in a shift systems and the problem of growing high quality
of the exciton absorption to longer wavelength, aluminium containing materials by MOVPE. More
Light, of appropriate wavelength, incident in the recently, gas source molecular beam epitaxy
plane of the quantum wells can then be modulated (GSMBE) 16] and chemical beam epitaxy (CBE)
by this change in absorption. There has been [7] have emerged as hybrid techniques which have
extensive development of QCSE in the GaAs/Al demonstrated the ability to achieve high quality
GaAs system where high contrast optical modula- interfaces in the InGaAs/lnP material system.
tors have been fabricated [2,3]. However, for longer In this paper we show that, despite the diffi-
wavelength applications, other material systems culty of controlling elemental phosphorus, the
are required which can operate in the 1.3 to 1.55 growth of high quality low leakage In 0 .53Ga0 .47
jum range for low loss in optical fibres. As/InP MQW PIN diodes is possible by SSMBE.

For long wavelength operation work has been The simplicity and inherent safety of this tech-
concentrated on two quantum well systems, In nique may lead to continued interest in the use of
GaAs with InP barriers and lnGaAs with AlInAs elemental sources.

0022-0248/91/S03.50 In 1991 - Elsevier Science Publishers B.V. (North-Holland)
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2. Experimental spacers of the less than 1000 A, gave inferior
diode characteristics with leakage currents in-

Growth of the InGaAs/lnP MQW PINs was creased by up to four orders of magnitude. The
performed in a specially modified VG V80H MBE MQW and spacer layers were all nominally un-
system, incorporating dimer arsenic and phos- doped. Circular 400 im diameter mesa diodes
phorus sources, a turbomolecular pumped phos- were fabricated using standard lithography and
phorus handling system, and liquid nitrogen cooled wet chemical etching. The n-type ohmic contacts
shutters to improve the shuttering of the group V were lnGe/Au and the p-type Au/Zn/Au.
sources. Full details of this system appear
elsewhere [8].

The (100) InP substrates were indium soldered 3. Results and discussion
to a 3 inch silicon wafer, which was held in an
indium free molybdenum ring holder. The lnGaAs Transmission electron microscopy measure-
and InP layers were grown at a temperature of ments show highly uniform multilayers, and con-
= 500'C, with a growth rate of I Mm/h for the firm the nominal well and barrier thicknesses. The
lnP and 1.9 jLm/h for the lattice matched In- "i" region thickness for diode (a) was 1.5 [m and
GaAs. Growth took place under As or P dimers for diode (b) was 1.11 tm. Capacitance-voltage
generated by K-cells incorporating 900'C gra- measurements show the background doping level
phite baffle furnaces. The use of cracker cells is in the undoped "i" regions to be n = 5 X 1015

essential for rapid switching of the As and P cm 3.

fluxes using liquid nitrogen cooled shutters, and Current-voltage characteristics of the diodes
for the safe handling of phosphorus. were measured at room temperature. Structure (a)

Two device structures were produced for this has a reverse bias breakdown of = 70 V (electric
work. The first, shown in fig. la, was grown on a field E = 4.5 x 10- V cm - 1) and leakage current
semi-insulating substrate, and the second, shown of 10 nA at 35 V: structure (b), with thinner
in fig. lb, on an n substrate. Be doping was used barriers and thinner total "i" region, has a reverse
for the p = 10" cm ' and p = 10" cm- an' Si bias breakdown voltage of = 55 V (E = 4.9 x 10'
for the n, = loll cm 3 and n = 101 cm 3 layers. V cm -) and leakage current of 10 nA at 28 V.
As there is evidence of Be diffusion from the The shape of the I- V curves is similar for both
p-type region into the MQW, undoped InP spacers diodes, and is shown for structure (b) in fig. 2.
were used between the MQW and the p-type From the shape of the curve it is possible to
contact layers. Structures with no spacers, or identify three regions: up to 20 V the conduction

(a) (b) Au/Zn/'Au

I~e /Au

...4 iia n n Mo 5minP p

40-(40~ InGoAs/ 60-(554 InGoAs/-
O .5 irn .D nP I'~m I P n+

Iu nP p n

14m substrate (Fe)

In~e/Au

Fig. 1.400 jam diameter In4)slGaA7As/InP MQW PIN diodes: (a) on semi-insulating substrate; Nb)on n' substrate.

A1
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10-.

10 - 3 a/ l

10-.45 1.50 155 .0 .5 70
0 10 20 30 40 50 60 W ve2eng urn.

Votage(V) Fig. 3. Photocurrent response spectra of diode (b) with 55 A
Fig. 2. Current-voltage characteristic for diode (b), the "'i thick wells of n0 .53Gao*47As.

region is 1.11 j m thick and the mesa diameter is 400 t~m.

V. This indicates that at low fields not all the
is dominated by generation/ recombination and photoexcited carriers are extracted. Shorthose et
diffusion currents: from 20 to 55 V evidence of a. [10] attribute this increase to enhanced tunnel-
tunneling is observed: and above 55 V avalanche ing as the field is increased. At zero bias the
breakdown occurs. photocurrent is small and the exciton peaks are

Photocurrent measurements were performed al considerably broadened by the space charge pre-
room temperature by illuminating the diodes using sent. For clarity we do not include the zero bias
a monochromated white light source. The diodes spectrum, but note no observable shift in the
were reverse biased and lock-in techniques were exciton absorption between zero and -5 V bias.
used to measure the photocurrent as a function of
wavelength: this was repealed for a range of bias
voltages. In the presence of an electric field the
exciton absorption shifts to longer wavelength and ax[: a
broadens. In the case of device (a) the absorption (nm) I  (e

0l

edge shifts from 1.4990 .m at -5 V to 1.5255 m0
at -35 V, an energy shift of 14.4 meV at an 0or , woelectric field of 2.25 x lr V cm- For device (b) t

there is a larger shift from 1.550 m m at -5 V to
1.629 Vm at -i35 Vt a shift of 38.8 meV at a field 40 20of 3.15 x 10a V cmre. The photocurrent spectra /
and the QCSE shift with bias for device (b) are /
shown in figs. 3 and 4. The shifts observed in this pek arwork are in good agreement with those calculated c

by Temkin et al. [91 for 1.0 pm thick superlattice !-structures, and for device (b) is, as far as we are F c
aware, the largest shift reported in In0.53Ga 04 As/ 0 bu0 2 0 b l30 (v)
lnP for 55 a QWs grown by any, technique. Fig. 4. Quantum confined Stark shift for diode (b). Expeimen-

The photocurrent increases with increasing re- tally determined points are shown, the continuous line is
verse bias until it saturates a voltage of - - 10 drawn to guide the eye.

excion bsortio shits o lngerwavlengh ad A
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4. Conclusion [2] T.H. Wood. E.C. Carr, C.A. Burrus. i.E. Henry. A.C.
Gossard and J. English, Electron. Letters 23 (1987) 916.

Highqualtylow eakge, n,.5Ga,17AsInP [31 M. Whitehead. G. Parry. J.S. Roberts. P. Mistry. P. Li
HighquaitylowleakgeIn 0  3 Ga 4 7 AsInPKam Wa and J.P.R. David, Electron. Letters 23 (1987)

multiquantumn well PIN diodes have been grown 1048.

by solid source molecular beam epitaxy. Room [4] D.R.P. Guy, L.L. Taylor, D.D. Besgrove, N. Apsley and

temperature photocurrent measurements have SiJ. Bass. Electron. Letters 24 (1988) 1253.

shown exciton absorption edge shifts of 38 meV [51 K. Wakita. Y. Kawamura, Y. Yoshikuni and H. Asahi,
Electron. Letters 22 (1986) 907.

for structures with 55 A& quantum wells, which we [61 M.B. Panish. J. Crystal Growth 81 (1987) 249.
believe is the highest value reported. (7) W.T. Tsang, J. Crystal Growth 81 (1987) 261.

[8] P.A. Claxton, JiS. Roberts. J.P.R. David, C.M.
Sotomayor-Torres. M.S. Skolnick. P.R. Tapster and K.J.
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Critical issues in the MBE growth of Gao.471n. 53As
for waveguide/PIN/JFET integration

H. Kuinzel, R. Kaiser, W. Passenberg, D. Trommer and G. Unterbbrsch
Heinrich-Hertz-Jnstiaut fir Nachrichientechnik Berlin GmbH. Einseinufer 37, W-IO00 Berlin 10. Germany

The critical issues for the optimization of the MBE grown layer sequence for the integration of an optical waveguide, a PIN
photodic-de and a junction field effect transistor (JFET) to form a monolithical integrated receiver chip are discussed. For the FET
layer sequence low residual carrier density of the thick buffer layer has been successfully achieved. The growth of a p */p gate
contact layer with minimized acceptor diffusion behaviour is described. For the hybridly grown MOVPE(LPE) GainAsP/MBE
GainAs PIN/waveguide structure optimum crystallinity is achieved: however, donor accumulation at the interface is detected. MBE
grown AlGalnAs as an alternative for the waveguide layer has been investigated. Due to its high resistivity at growth temperatures
helow 500'C device isolation can be achieved.

I. Introduction inP: Fe substrate for integration purposes. The
sequence consists of an undoped I lum thick

For long Aavelength optical communication GalnAsP layer with a composition corresponding
lnP-based optoelectronics is the basic prerequisite. to a band gap of 1.18 eV followed by an undoped
Monolithic integration of optoelectronic devices 1 pm thick GaInAs layer. The sequence proceeds
(OEIC) offers the potential of improvement in with a 0.2 tem n-GaInAs: Si and a 0.3 lum p'-
performance and functionality as well as reduc- GalnAs: Be layer. Doping concentrations are n =
tion of size and costs compared to hybrid circuits. I X 10 7cm and p as high as possible, respec-
An integrated receiver module comprising a wave- tively. The GaInAsP layer serves as the WG layer
guide. detector and transistors on the same sub- and, together with the undoped GalnAs layer
strate forms a basic building block for a variety of which simultaneously forms the i-region of the
complex OEICs. PIN diode, forms the buffer layer of the JFET.

In this contribution, we report on the critical Due to the PIN diode being placed on top of the
issues in the MBE growth of Gao0 4 7 1n053 As (re- WG layer light detection is based on leaky cou-
ferred to as GalnAs) for the integration of a rib pling [1). Theoretical calculations as well as ex-
waveguide (WG), a PIN photodiode and a junc-
tion field effect transistor (JFET). On the basis of
the integration scheme presented MBE growth
conditions are adjusted for an integrable JFET photodlode JFET

p -MIAsand a P1N/WG module.

ct. wavegul de -MG.ASP
2. WG/PIN/JFET integration concept

s .top

In fig. I the underlying scheme for WG/ PIN/
JFET integration is schematically depicted. The Fig. 1. Basic concept for WG/PIN/JFET integration on

layer structure is grown on a semi-insulating InP: Fe.

0022-0248/91/$03.50 4'J 1991 - Elsevier Science Publishers B.V. (North-Holland)
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perimental data suggest a minimum thickness of To further reduce the free carrier concentra-
approximately 1 pm for the i-layer in order to tion, reduction of the growth temperature is a
obtain optimum internal quantum efficiency [2]. possibility for the MBE growth of GaAs [3.4]. In
The n-GaInAs layer acts as the JFET channel fig. 2 the results for the growth temperature de-
layer and is also used to form the PIN diode pendence of the 300 K electrical characteristics of
n-contact. A channel thickness of 0.2 pm in corn- MBE GaInAs are depicted. In contrast to GaAs,
bination with a doping level of I x 10" cm are no reduction of the electron concentration at low
chosen such that depletion mode transistors with growth temperatures down to 3000 C is observed.
high transconductance are obtainable. The p'- On the contrary, an increase of the residual elec-
GalnAs layer serves as the JFET gate layer and is tron concentration by an order of magnitude at
utilized to facilitate fabrication of a low resistivity growth temperatures below 400 * C is noticed. This
ohmic gate contact. effect is connected with a slight reduction of the

On the basis of the integration scheme pre- mobility. Above 400°C, up to the onset of In
sented in fig. I it is clearly seen that the optimiza- desorption at 600 ° C, no influence of the growth
tion of the layer sequence can be separated into temperature on the electrical characteristics is
two parts, as indicated by the broken line. Accord- found since the scatter of the data between 6 X 1014

ingly, the critical items in the MBE growth can be and 2.5 x 10" cm- 3 corresponds to the variation
divided into two groups related to the fabrication from layer to layer even at a fixed growth temper-
of the JFET and the PIN/WG. With respect to ature. On the other hand, at 77 K a dramatic
the MBE growth of the JFET layer sequence, the reduction of the free electron concentration is
residual carrier concentration of the thick buffer obtained for samples grown below 500 C. Below
layer and the extremely highly doped gate layer 400 °C high resistivity material is attained. Hence,
represent the critical issues. For the PIN/WG the reduction of the growth temperature to below
component MBE grown GaInAs for the PIN layer 500'C results in an increase of the amount of the
sequence is grown onto a MOVPE (LPE) GalnAsP free carrier freeze-out. Further details of the in-
WG layer. For this hybrid epitaxial growth pro- fluence of growth temperature on impurity incor-
cess the interface quality of this layer sequence poration in MBE GaInAs will be published
plays the important role. elsewhere [5].

Using a standard growth temperature of 500 0 C.
n/n--GaInAs aCtive/buffer junctions are pre-

3. Integrable JFET

The JFET buffer layer formed by GaInAsP/ MBE GalnAs
GalnAs, as described above, has a total thickness 300K T
of 2 ptm. To facilitate abrupt pinch-off of the ' E
JFET device the residual carrier concentrations in I_ 10. o °o.°.o 104
these layers must be minimized. Since high resis- C I.o

tivity and even semi-insulating GalnAsP material *=

can be used for the WG, only the GalnAs residual * **
•

carrier concentration needs to be reduced to a . 103
minimum. Using an adequate substrate material, a
proper cleaning procedure, high quality source
materials and a proper bakeout of the In source a r
residual carrier concentration below 2.5 x 10" 10"
cm - 3 is reached routinely. Best values achieved 300 400 500 600

are ND-NA -7.4 X 1014 and 4.1 X 10 4 cM- 3 and growth temperature /OC -

electron mobilities p - 12580 and 53000 cm2/V • s Fig. 2. Growth temperature dependence of 300 K electrical
" at 300 and 77 K, respectively, characteristics of undoped MBE GalnAs.

&~h. ..



1086 H. Kiinzel et al / MBE growth of Gao. 471no 5 As for waveguide/ PIN /JFET integration

pared. Single n-GaInAs JFET channel layers are 1020 Tub500- Tsub 350 O

characterized by a mobility of 9000 and 10250 /J
cm 2/V • s for a free electron concentration of 15 x L
1016 and 9.5 X 1016 cm- 3 at 300 and 77 K, respec- -
tively. C-V measurements of the impurity distri- " 10'
bution indicate perfectly flat profiles. At the n/n- ,
junction an abrupt change of the impurity con- I

centration by nearly two orders of magnitude is co 10" 8 10 -b J
measured. From the decay of the impurity con- 0 0.2 0.4 0 0.2 0.4
centration at the n/n- interface the smearing of depth / pm -
the impurity profile is found to be less than 0.05 Fig. 3. SIMS Be concentration profile of a JFET p +/p,-
Ipm including Debye length effects. A residual GatnAs gate contact layer. The broken line gives the Be

impurity concentration below 2 x 10"5 cm - 3 is distribution projected from the beam flux density. The growth

also confirmed by the C- V technique. temperature is (a) 500*C and (b) 350*C.

The achievement of non-alloyed very low resis-
tance ohmic contacts to the gate layer requires
very high hole concentrations near the surface. Be The growth temperature has a great influence
doping during MBE growth is suitable to reach on the diffusion of Be during growth. Reducing
high acceptor concentrations. Nevertheless, at this growth parameter from 500 to 350°C results
doping levels in excess of 5 X 1019 cm-3 surface in a reduction of the acceptor diffusion by more
roughening and a deviation of the free hole con- than an order of magnitude [8] without affecting
centration from the concentration of incorporated the free hole concentration [7] and the achievable
Be atoms is found to occur [6]. contact resistance [8]. The resulting dopant distri-

These detrimental effects can be directly corre- bution for a gate layer grown at a reduced temper-
lated with acceptor diffusion during growth [7]. A ature of 350 0 C is shown in fig. 3b. A sharp
marked increase of the diffusion coefficient at rectangular profile, which is in excellent agree-
acceptor concentrations in excess of 5 x 10" cm -' ment with the profile predicted by the flux density
is inferred from SIMS profile measurements [8]. profile (broken line) and the low Be concentration
Since a doping concentration of at least 5 x 1019 outside the p-doped region demonstrate the suc-
cm- - is necessary to achieve very low contact cessful realization of an optimized gate configura-
resistivity, this doping level is applied near the tion.
surface, whereas a reduced Be concentration of 1 pm gate-length JFET devices have been
5 X 1018 cm- 3, resulting in a reduction of the Be fabricated on the basis of the optimized MBE
diffusion coefficient by two orders of magnitude, growth described above. The gate/source diode is
is utilized to form the p+/n gate/channel junc- characterized by an ideality factor of 1.12 and a
tion. The resulting Be profile in the gate layer leakage current of 100 nA at -2 V reverse volt-
grown at 500 C as measured by SIMS is depicted age. The output behaviour exhibits a pinch-off
in fig. 3a. A comparison of the intended profile voltage of -4.5 V and a transconductance of 140
given by the broken line and the measured Be mS/mm. The electron mobility in the channel as
distribution clearly demonstrates, however, drastic deduced from the linear regime of the channel
diffusion effects manifesting themselves in a re- conductance is extracted to be 4500 cm2/V.s,
duction of the surface concentration, a Gaussian representing a reduction by a factor of two coin-
type diffusion profile at the p + /p + junction, and pared to bulk material with the same doping level.
a diffusion tail extending far into the layer. Since Excellent high-frequency properties of the devices
this tail with an acceptor concentration of 1018 are indicated by very high cut-off frequencies for
cm -3 overcompensates the adjacent n-doped this type of FET of fT = 28 GHz and f,,. = 38
channel layer this gate doping configuration is not GHz. Further details of the device properties are
suitable for the JFET device structure. given in ref. [9].
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4. Integrated PIN/WG component 1016 cm -'doping concentration of the MBE layer
and the decrease of the concentration to below

Since solid source MBE used in this work can- 5 X 1015 cm-3 in the undoped LPE layer. At the

not be used for the growth of the InGaAsP WG interface a donor-type accumulation is clearly de-

layer, either LPE or MOVPE material has been tected which corresponds roughly to an areal den-

utilized. Consequently, application of a hybrid sity of 1 x 1012 cm-2 . This density appears to be

growth technique is necessary if the well estab- extremely high compared to interface state densi-

lished MBE grown GaInAs JFET/PIN structure ties reached in MBE grown GaInAs/AlGaInAs

has to be incorporated. By using an appropriate heterostructures.

cleaning technique to reduce surface contamina- The high accumulation density and the rela-

tion before introduction of the GaInAsP/InP tively large thickness of the WG layer which un-

wafers into the MBE growth chamber, smooth favourably adds to the i-GaInAs layer (both for-

surface MBE GaInAs can be grown. As judged ming the buffer of the JFET) leads to problems

from C- V profiling measurements to assess the with respect to a sharp pinch-off behaviour of the

GalnAsP/GaInAs interface, cleaning with diluted transistor. An alternative approach to circumvent

HF was found to be most appropriate. X-ray these problems is the use of high resistivity WG
material. As an additional advantage, only the

diffraction measurements demonstrate a high maiAs a nedtonbe mesathe o e

crystalline quality of the MBE layer, showing a GalnAs layer needs to be mesa-etched to electri-

FWHM value of the rocking curve of below 20 arc cally isolate the different devices. Either iron

sec, which is a typical figure of our MBE layers on doped semi-insulating MOVPE GaInAsP or high

lnP substrates. This finding is true for both LPE resistivity MBE AlGaInAs may be applicable.

and MOVPE grown GaInAsP layers. AlGaInAs (E8 = 1.18 eV) as the WG material

Accumulation of impurities is expected to oc- offers the advantage of requiring only the MBE

cur at the LPE(MOVPE)/MBE interface. To sep- technique which leads to a low interface state

arate accumulation effects from heterostructure density of as low as 1 x 10"0 cm-2, as calculated

effects during C- V profiling, MBE n-GaInAs was from C-V measurements. In addition, the Al

grown onto LPE n--GaInAs for comparison. The GaInAs material is of high perfection, which

corresponding net dopant profile is represented in manifests itself in optimum surface morphology
fig. 4. The measured profile clearly shows a mid- and X-ray diffraction peak half-widths of again 20

arc sec. The electrical behaviour can be varied
within wide limits. For growth temperatures in

excess of 550 °C conductive material with n = (1-
110 2) x 1015 cm - 3 and mobilities in the range of

-- 1500-2000 cm 2/V • s are obtained. Reducing the
growth temperature to 500*C results in an in-

7 crease of the resistivity to beyond 10' 2 cm. A
E 107 further reduction of the growth temperature is

expected to yield semi-insulating material whilst
retaining good crystalline and WG properties

• 1016 which make this material suitable for the WG/PINz
integration as well as for the JFET buffer.

S -MBE n- InIa4s.LPE. r'- inCAs- So far, integrated PIN/WG components based
Z I on hybrid growth on undoped LPE GaInAsP and

0 1 2 3 semi-insulating MOVPE GaInAsP: Fe have been

depth /pm - fabricated. Devices with an area of A = 2.3 x 10- 1

Fig. 4. C-V donor concentration profile of a MBE n- cm' are characterized by a dark current of 2 nA

GalnAs/LPE n--GainAs sequence. The shaded area marks (V, = -10 V), a breakdown voltage of 25 V (I, -
donor accumulation at the gowth interrupted interface. 10 1&A) and an ideality factor of 1.25. The external

dono lit grothinerrutednt~racJ
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The electrical and optical properties of a double barrier resonant tunnelling device based on n-GaAs/(AIGa)As and incorporating
a heavily doped (AlGa)As window layer are described. The window layer is located between the quantum well and the top surface
and has a band gap which exceeds the energy of the quantum well photoluminescence. The incorporation of this layer does not
impair the electrical properties of the device.
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on either side of the barriers are of the same =
material as the quantum well, for example doped p.-.

GaAs contact layers in GaAs/(AlGa)As DBRTS. ./

This layer is usually fairly thick, typically > 0.5 -. " /
/Am, to prevent degradation of the barrier and 4 .. * •

quantum well (QW) regions when Au/Ge alloyed 1. a
coniacts are made to the top surface. This type of -- x 10 --.-- x 1000- ....I- x 10 --
structure has a disadvantage for PL measure- 4 5
ments, since the quantum confinement energy of 0 "the electrons and holes gives rise to a PL emission -

energy from the QW which exceeds the band gap -5
energy of the contact layer. The excitation light I I b
and the PL therefore suffer strong attenuation as -2.0 -1.5 -1.0 -0.5 0 0.: 1.0 1.5 2.0
they traverse the contact layer.

In this paper we investigate a DBRTS which Bias (V)

has been specially designed for spectroscopic in- Fig. 2. (a) The dark I(V) characteristic of the device, measured
vestigation, in which a thick heavily doped at 4.2 K. (b) The variation of PL integrated intensity with biasvestigtion.for an excitation energy of 1.535 eV.

(AlGa)As layer is incorporated in the top contact

layer. The (AlGa)As layer, which we term a
"window" layer, greatly reduces the attenuation any electron that might be captured at the DX
since, by choosing the correct Al concentration, it level is ionised when the sample is illuminated due
is possible to produce a band gap greater than the to the persistent photoconductivity effect.
recombination energy of the QW. Fig. 2a shows the dark I(V) characteristic of

The structure was grown by molecular beam the device. Forward bias (V> 0) corresponds to
epitaxy and is shown schematically in fig. 1. Note electrons tunnelling from the substrate to the top
the undoped spacer layers of GaAs immediately contact. There are three clear peaks in the current
adjacent to the tunnel barrier [3]. The layers were in each bias direction. These occur at 0.10 V
processed into 100 ium diameter mesas with an- (-0.11 V), 0.9 V (-1.0 V) and 1.5 V (-1.8 V) for
nular top contacts to allow optical access. The forward (reverse) bias, and correspond to elec-
(AlGa)As window layer has a band gap energy of trons tunnelling from the two-dimensional elec-
1.9 eV, which is considerably larger than the QW tron gas (2DEG), which forms in the emitter accu-
recombination energy of 1.562 eV. No difficulties mulation layer, into the first (cw), second (4w)
with electron capture at DX are encountered since and third (cwM ) quasi-bound states of the QW. The

25nm GaAs 2 x 1Ocm- 3  Top Cap
1Pm AJo33Gao.6 7A$ 2 x 1O8cm- 3  Window Layer n+AIo.j Ga,., As

5lnm GaAs 2x 101cm- 3

35m as 11CM3Window Layer 2EGI _

7.Snm GaAs UndOped Spacer Layer Y./ eT
8.kim AI.o4Gao.*As Undoped Barrier
7.6nm GaAs Undoped Well hLasW _v
8.Snm AlZ.4Gao.Aa Unldoped Barrier L
7.6nm Gam Undoped Spacer Layer Z;

5lm GaAs I x 10 mn-3
51nm Gfts I X 1017CMlr

-3  
L)

2pm GaAs 2 x 10tcM-3  0
n + GaAs Substrate bh

a 2DHG

Fig. 1. (a) The layer structure of the device. (b) A schematic diagram of the conduction and valence band edge profiles for a DBRTS.
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existence of three bound QW states" for a well
width of 7.5 nm is consistent with effective mass =0.2mA

theory. Note the high degree of symmetry in the
I(V) characteristic with respect to bias direction.
This shows that the inclusion of the window layer E 0 LOO

does not adversely affect the electrical properties 0

of the device. This is further emphasized by the - 14T

excellent peak to valley ratios at the first and U 12T (Lx".
second resonances which, at 4.2 K, are 40: 1 and 10 - -.
20:1 respectively for both bias directions. 8 T07 /

The first (low voltage) resonance is sharply 0 -

peaked. This is characteristic of the situation when OT

only a very small electronic space charge builds up -1.4 -1.2 -1.0 -0.8 0.8 1.0 1.2 1.4

in the QW during resonant tunnelling. In contrast, Bias (V) a
the second resonance, which corresponds to a
much larger current flow, is spread over a wide
range of voltage (in forward bias, from a threshold T=1 oA T=4.2 K

at around 0.4 V to a peak at 0.9 V). This is LO0 LO0

accompanied by pronounced intrinsic bistability 101  1 _01
in 1(V). Over this voltage range, electrons reso- 16 T16 ,

nantly tunnel from the 2DEG in the emitter into - " /' 14T -/1 -

the c state of the QW. The electrons can then /\ / 1 -2 \ 12T "i
-  

\ x

undergo inter-subband scattering into the cw state "

by the emission of a longitudinal optic (LO) pho- - , -
non [2]. The charge stored in the QW over the T'

voltage range of the second resonance resides al- _.6----' _6T J
most entirely in this lower energy state. This is -, ' o -
confirmed by the photoluminescence experiments -0.5 -0.4 -0.3 02 -0.1 0 0.1 0.2 0.3 0.4 0.5

described below.

Let us consider the main features of figs. 3a Bias ( b

and 3b. The dependence on magnetic field of the Fig. 3. (a) I(V) curves for the first electron resonance mea-
sured with various magnetic fields, the field been applied

various features in figs. 3a and 3b are shown by parallel to the current (B J). (b) I(V ) curves for the second
the fan diagram plotted in fig. 4. We will con- electron resonance measured with various magnetic fields

centrate on the forward bias case, since similar (B II J).

remarks apply for reverse bias. In the presence of
a perpendicular magnetic field (B I J), the 2DEG
systems in the emitter accumulation layer and the voltage, a weak feature. E1, corresponds to tun-
QWs become quantised into Landau levels whose nelling accompanied by elastic scattering with Ap

energies are. given by: = 1. The other features at higher voltages corre-
spond to tunnelling of electrons with the emission

,E(B)= Ca(O)+nhw, e (B) = cw(o) +n'hwo, of an LO phonon. This can occur either with
(Ap = 1, 2. 3, ... ) or without (Ap = 0) change of

where w, = eB/m* is the cyclotron frequency. n Landau level index. Fig. 4 shows a number of LO
and n' are integers and q = 1, 2 or 3. Feature RP, phonon-related peaks at voltages beyond the first
(fig. 4) corresponds to resonant tunnelling of elec- and second resonant peaks in the I(V). By using
trons from the accumulation layer into the lowest the cyclotron energy, hw to calibrate the voltage
state ew of the QW with conservation of Landau axis [6] we can determine the energy of the LO
level index (a p = - n = 0). At slightly higher phonon emitted. By extrapolating to zero mag-

4
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Bias (V)

Fig. 4. The fan chart of the elastic and inelastic assisted resonant tunnelling features observed in figs. 3a and 3b.

netic field, the fan-shaped series of lines through a wide range of voltage covering the three reso-
the closed circles just beyond RP, gives an LO nances. For all the spectra, the energy of the peak
phonon energy of 33 meV. This is close to the intensity of the QW PL spectra corresponds to the
energy of the GaAs LO phonon mode (36 meV). recombination of electrons in the cw, state of the
The two weaker peaks (positions indicated by conduction band QW with holes in the lowest
open circles in fig. 4) extrapolate back to give an state of the valence band QW. This is the case
LO phonon energy of 48 meV, which we attribute even at bias voltages above 0.4 V where the elec-
to the AlAs-like LO phonon mode in the barrier trons are tunnelling into the second (cw ) or third
f7l. For these LO phonon-assisted transitions be- (Cw ) states of the QW and provides clear evidence
yond the first resonance, we estimate the relative for a sequential tunnelling process in which the
strengths of the GaAs and AlAs LO phonon emis- electrons undergo inter-subband scattering into
sion processes to be in the ratio 8 : 1. the lowest bound state of the QW [2.51. This

The fan of points which occurs beyond the process involves the emission of an LO phonon
second resonant peak at 0.9 V is also related to the and occurs on a time scale typically = I ps. Note
resonant tunnelling of an electron with the emis- also that as the bias is increased there is an overall
sion of an LO phonon. However, the space charge shift in the peak intensity position to lower en-
build-up and intrinsic bistability which occurs on ergies. This is due to the quantum confined Stark
the second resonance makes it difficult to de- effect [8].
termine the LO phonon energy accurately. Direct evidence for the large electron space

The charge confined in the QW under resonant charge build up in the QW at the second reso-
tunnelling conditions can be determined from a nance is provided by the increase of the PL line-
line-shape analysis of the QW PL emission spectra width between 0.7 and 0.8 V (see fig. 5). When the

15]. Fig. 5 shows a set of PL spectra obtained over device comes off resonance (0.9 V) the electronic
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5: 1 in favour of the bias direction in which the
holes are created in the top contact layers and
then tunnel into the QW [4,5] where they recom-
bine radiatively with the electrons. In contrast, for
the device with the window layer, there is a high

x 2 degree of symmetry in the integrated PL intensity
1.1v (1pL) with respect to bias direction, as shown in

fig. 2b. The PL excitation energy used for this
/ \ study was 1.535 eV, which is 27 meV below that

required for direct excitation in the QW and 12
/ meV above the GaAs band gap energy. Thus holes

, / x 4 3 cannot be generated directly in the QW. The ob-
- served PL arises from holes which tunnel into the

2, 0.925V well from the contact regions. The integrated PL

intensity shows a weak peak at low bias corre-
sponding to the small build-up of electronic space
charge in the QW at the first resonance. This peak
occurs at the same voltage as the first resonant

.2 peak in /(V). Beyond the first resonance there is
0.8v always a small residual electronic charge in the

QW. The steady increase in the integrated P1.
0.7V intensity up to 0.6 V is due to increasing electronic

space charge build-up as the peak of the second
resonance is approached. However. the PL inten-

0.3V sity starts to fall before the second resonant peak
_Vo' is reached due to the decrease in the capture

efficiency of the photo-created holes in the valence1.54 1.55 1.56 1.57 1.58 bn W[]band QW 151.
Energy I eV I As stated earlier, the illumination energy of

Fig. 5. PL spectra measured at a series of forward bias voltages 1.535 eV is insufficient for direct excitation in the
corresponding to the three electron resonances, in forward QW. Hence the only mechanism by which holes

bias. can enter the QW is via tunnelling. Because l. is
symmetrical it can be concluded that the hole

space charge is ejected from the QW and the density (nh) in the QW is also symmetrical with
line-width narrows again. This can be seen by respect to bias direction. However, the total num-
comparing the line-width for the spectra taken at ber of holes created above and below the barriers
0.8 and 0.925 V (see fig. 5). From the line-shape is very different, since there is only 80 nm of
analysis we estimate a sheet charge density of GaAs on the top side of the barriers. Thus only
n, = 2 x 10"l cm 2 in the E at the peak of the 10' of the incident light will be absorbed in the
second resonance in 1(V). relatively thin GaAs layer abo\e the QW (absorp-

The very low attenuation of the excitation light tion coefficieiut a 1 X 104 cm - ). The rest of the
and the PL emission in the window layer also light will be absorbed below the barrier system. If
allows us to study the device in a covenient way the diffusion of holes towards the barrier is the
for both bias directions. This provides information dominant hole collection process, and the diffu-
about the mechanism for the hole generation and sion length is relatively long ( > 200 nm) then in
capture processes. In a conventional structure, the reverse bias (holes drift from the substrate to the
PL intensity form the QW is highly asymmetric top contact) I, would be expected to be much
with respect to bias direction. A typical ratio is stronger than for forward bias. This conclusion is
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Transport in AlGa1_x As/InyGal -yAs resonant tunneling diodes
with asymmetric layers

Hyungmo Yoo *, Stephen M. Goodnick and John R. Arthur
Center for Advanced Materials Research. Department of Electrical and Computer Engineering Oregon Slate University,
Corvallis, Oregon 97331. USA

AlGa, - As/In,.Ga, -,As resonant tunneling diodes (RTDs) grown by molecular beam epitaxy with symmetric and asymmetric
spacer layers have been fabricated and studied by electric and magnetic field measurements. Pseudomorphic (pm) AI 0 .35Ga 0.,sAs/

Ino 1Ga0.9 As RTDs with asymmetric spacer layers exhibit novel tunneling phenomena depending upon the bias direction. Tunneling
is through the ground state energy of the In 0 1Ga 0.9 As well when the thick spacer layer is in the leading edge of the device while it is
through the first excited state of the lno_ Ga 0 gAs well when the thick spacer layer is in the trailing edge of the diode. Shubnikov-De
Haas oscillations obtained from the pm-RTDs of asymmetric spacer layers also show different features depending upon the bias
direction. Improved device performance is observed when a thick spacer layer is on the substrate side rather than the top contact side,
which is evidence of silicon dopant atom outdiffusion during molecular beam epitaxial growth.

I. Introduction ric spacer layers through current-voltage and
magneto-transport measurements.

Considerable progress has been made in the The RTDs studied here were grown by MBE
fabrication of compound semiconductor devices on silicon doped (n = 2 X 10s cm - 3 ) <100) GaAs
over the past decades through advances in epi- substrates. The Al 0.3.Ga 0.65As/ In Ga -,.As
taxial growth technology. These techniques make RTDs consist of the following layers, in order of
possible the growth of structures composed of growth from the n+-GaAs substrate: I tIm of
different semiconductor materials with layer thick- n = I 101s cm - 3 GaAs buffer layer, undoped
ness precisely controlled to within a few angstroms. GaAs spacer layer whose thickness is ranging from
As the device dimensions are reduced, quantum 35 to 500 A, 85 A of undoped Al 0.35Gao.65As
mechanical phenomena which do not have classi- barrier, 50 A of undoped In .Ga -,As well (y= 0
cal analogies, become increasingly important. One and 0.1), 85 A of undoped Al 0 3 5 Ga0 65 As barrier,
such device which depends explicitly on quantum undoped GaAs spacer layer of thickness from 35
interference is the resonant tunneling diode (RTD) to 500 A and 4000 A of silicon I X 10" cm - 3

whose transport properties were first investigated doped top (emitter) contact layer. After the epi-
by Tsu and Esaki [1]. taxial growth of the RTD structure, devices of

The RTDs fabricated by numerous groups usu- lateral dimensions ranging from 50 x 50 to 200 x
ally contain undoped GaAs layers (referred to as 200 Am

2 were fabricated and wire bonded in an
spacer layers) adjacent to tunnel barriers to reduce integrated circuit (IC) package for measurements.
ionized impurity scattering [2,31. In this paper we
report on transport of pm-Al0.35Ga 0.65As/
InGa, _As RTDs with symmetric and asymmet- 2. Influence of InGaAs layer on RTD performance

Present address: Department of Materials Science and En- Figs. la and lb, respectively, are I-V curves of

gineering, University of Washington. Seattle. Washington the lattice matched Al0 .35Gao.6i As/GaAs and the

98195. USA. pm-Al 0 _35 Ga 0 .6 5As/In0 1Ga0.9As RTDs with a 50

0022-0248/91/03.50 ,) 1991- Elsevier Science Publishers B.V. (North-Holland)
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A thick spacer layer measured at 77 and 1.8 K. and interface roughness scatterings, are not
The two RTDs have the same structural parame- strongly temperature dependent so the perfor-
ters except for the well. The lattice matched device mance of pm-RTDs at lower temperature shows
shows somewhat better device performance less improvement than RTDs from the lattice
(PVCR, valley width, and peak current) at lower matched system.
temperature while the pseudomorphic device does
not. This difference may be due to the fact that
the latter experiences alloy scattering due to the 3. The pm-RTDs with asymmetric spacer layers
presence of the InGaAs layer in the well. lnGaAs
grown pseudomorphically on GaAs substrate is Pseudomorphic RTDs with asymmetric spacer
strained due to lattice mismatch (7% for InAs on layer thicknesses were grown with Al0 .35Gao.65 As
GaAs). This strain may result in additional intrin- barriers and In0 .,Ga0.As wells. For one pm-RTD,
sic crystal imperfections, even below the critical a 50 A spacer was grown on the top (emitter) side
thickness [4]. The InGaAs layer may also suffer and a 500 A spacer was placed on the substrate
from increased interface roughness scattering due (collector) side for one sample, while the other
to In atom segregation during MBE growth [5]. sample had the spacer layer order reversed. RTDs
Most of the scattering processes associated with with asymmetric spacer layer configurations are
the presence of the InGaAs layer, such as alloy denoted as 50/500 RTDs (50 A on top and 500 Ak

on substrate) and 500/50 RTDs after the spacer
layer order from top to substrate. RTDs with

0.3 - asymmetric spacer layer configurations show very
,_ asymmetric I- V characteristics depending upon

< the bias direction.
E 0 2 - Typically I- V characteristics of the 50/500 and

500/50 RTDs measured at 77 K are shown in fig.
0) 2. The inset figure is the current-bias profile of

:/ the 50/500 RTD at thermal equilibrium. The
U calculated ground state energy in the InGaAs well

o- - a lies slightly below the Fermi level due to the effect

0 0.1 0.2 0.3 0.4 0.5 of charge storage in the well, which raises the
ground state energy. The I- V curves of the RTD

Bias [V] show several interesting features. Large dif-

ferences in the peak voltage (Vp) and the peak
1.2 -- ---- . --- current density (Jp) are found to depend upon the

1.0 -- /Il bias polarity. The measured values of V. = 0.45 at
< i 77 K in forward bias (VE positive) appear to be
E0.8 - due to tunneling through the first excited state,

0.6 - while the peak voltage of 0.12 V for negative VcE
0.4 "corresponds to tunneling through the ground state

/ of the InGaAs well, based on the calculated posi-
3 0.2 - tion on these levels at zero bias. For positive Vc,

0.0 0 .1 0 . b electrons from the emitter side must tunnel
0. 0,2 0.3 0.4 through the emitter and the collector barriers as

Bias [V] well as the thick collector spacer barrier. Part of
the thick collector spacer layer acts as a pseudo-

Fig. !. i-v charactenstics of (a) the pm-Alo 03 5Gao65As/ barrier to ground state tunneling because the en-
In0 1Gao.9As RTD and (b) the lattice-matched Alo.,Gao.61

As/GaAs RTD with 50 A thick spacer layers measured at 77 ergy level in the well lies below the spacer barrier.
and 1.8 K. The thick collector spacer barrier reduces the tun-

i
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0.2_

0.0

-0.2-
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-0.8-
L. -0.8

-1.2 / E C

-1.4/ 500/50 RTD
I I I

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

Bias, VCE [V]
Fig. 2. 1 - V characteristics of the 50/500 and 500/50 RTDs measured at 77 K. Inset figure shows the current-bias profile of the

pr-500/50 RTD at thermal equilibrium.

neling probability, which makes ground state tun- sample, particularly in reverse direction is possibly
neling undetectable in forward bias. However, due to silicon outdiffusion in which silicon atoms
tunneling through the ground state energy in re- in GaAs segregate during molecular beam epitaxy
verse bias is possible via a two step transport due to Fermi level pinning at the semiconductor
processes. Electrons from the collector side are surface [6]. The 50/500 RTD which has a thicker
first accumulated in front of the collector barrier, collector spacer layer (i.e. a thicker diffusion bar-
which modifies the CB profile and the energy level rier for silicon from the substrate side) than the
in the accumulation layer is aligned with the 500/50 RTD reduces ionized impurity scattering
ground state in the well at resonance. The accu- in the well. The higher current through the 50/500
mulated electrons in the collector spacer layer RTD appears to be associated with leakage cur-
tunnel through the rest of the double barrier as . rent through the double barrier structure which
second step. Thus VP and JP are smaller in rever... could be due to the detrimental effect of impurity
bias rather than in forward bias. outdiffusion.

The general trends of the 500/50 RTD are To ascertain whether tunneling is through the
similar to the previous 50/500 RTD except that ground state or first excited state, a set of five
the bias polarity is reversed. The interpretations identical samples with symmetric spacer layers
given for the 50/500 RTD are valid for this device were studied. The samples have the same struct-
too. However, the PVCR and valley width of the ural parameters as the pm-AIGaAs/InGaAs RTDs
500/50 RTD are inferior to the previous 50/500 with asymmetic spacer layer, except for the spacer
RTD while the current densities are higher. The layer configuration. The samples contain 35, 50,
PVCRs of the 500/50 RTD are 4.2 and 1.02: 1 in 100, 250, and 500 A thick symmetric spacer layers
forward and reverse bias, respectively. It is worth and show V's of 0.15, 0.145, 0.232, and 0.336 V

mentioning that the PVCRs of the 50/500 RTD respectively at 77 K, as shown in fig. 3. The
are 3.0 and 4.7: 1 for the same bias configurations. straight line in the figure is a least-squares fit of

The reduction in the PVCR of the 500/50 the Vp's as a function of the spacer layer thickness.

I4
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0.4 - RTDs fabricated with thin spacer layers (below 50
A) did not show any oscillation up to a magnetic
field strength of 8 T. Oscillations associated with

0.3- Landau levels in the accumulation layer passing
"through the Fermi energy EF of the contact layer

CL occur when EF = Ea. The oscillations due to the

0.2 electrons tunneling into the Landau levels in the
well and scattering into another Landau level,
possibly with longitudinal optical (LO) phonon
emission, occur when Ea = Eq + hw [9]. The oscil-

0.1 lation period in 4(1/B) of the former case is
0 200 400 given by he/m*(EF-Eao), while that for the

Spacer Width [A] latter is he/[m*(Eao - Eqo) - hAOL] [101. The slope
Fig. 3. Peak voltage position of the pm-A10.35Gao.65As/ of the least-squares fit of the 500/50 and the
In 0 Ga 0.As RTD with symmetric spacer layers measured at 50/500 RTDs are 34.5 and 20.75 T/V, respec-

77 K. The straight line is a result of a least squares fit. tively. The slope is either m*a/h or m*a8/h,

depending on its origin. The higher slope corre-
sponds to a higher a or /1 which signifies a larger

According to the data shown in fig. 3, the spacer portion of the applied voltage drop occurs across
layer has to be approximately 1000 A thick on the 500 A spacer layer of the 500/50 RTD com-
both sides for a V of 0.45 V to indicate ground pared to that of the 50/500 RTD. Thus a 500 A
state tunneling; in fact the layers were 50 and 500 spacer layer placed in the collector side becomes
A. Thus the V of 0.45 V is believed to be evidence effectively narrower than that in the emitter side,
of tunneling through the first excited level tunnel- which agrees well with a directional Si atom diffu-
ing. sion toward the surface due to surface Fermi level

pinning during MBE growth.
Assuming the origin of the oscillations is the

4. Magnetic field study accumulation layer, its periodicity is directly re-
lated to the carrier density by n2D = 2eB/h, where

Fig. 4 shows the magneto-quantum oscillation 1/B = A(1/B) and n2D is a two-dimensional car-
period of the 500/50 and the 50/500 RTDs as a rier density f11] which is shown in the right
function of applied bias. The former is forward
biased and the latter is reverse biased, so electrons
first encounter the thicker of the two spacer layers 15 7 2
for both cases. When both RTDs are oppositely 500/50 RTD
biased, the conductance of the RTDs either de- -6

creases quadratically without any oscillations or , 10 5 X

shows very weak oscillations up to a magnetic - 4 o
field strength of 8 T. The squares and the triangles M 50/500 RTO - 3
are the oscillation periods as a function of bias for 5-
the 50/500 and the 500/SO RTDs, respectively. -
The solid lines are a least-squares fit of the mag- 0. 0
neto-quantum periods. The origin of oscillations is 0 0.1 0.2 0.3 0.4
either the bulk, the accumulation layer or quasi- Bias [V]
bound state in the well and they show differentfeatures depending upon thei origin 7 ,8 . In t Fig. 4. SdH oscillation period of the 50/500 and 500/50 RTDs

tr as a function of the applied bias. The right ordinate shows a
present work, bulk oscillations may be eliminated t sional carrier concentration with the corresponding
as the source of the observed oscillation since the B.
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ordinate of fig. 4. The 500/50 RTD shows a Acknowledgements
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[11] C.A. Payling, C.R.H. White, L. Eaves, M.L. Leadbeater,dence of silicon outdiffusion which agrees well J.C. Portal, P.D. Hodson, DJ. Robbins, R.N. Wallis, J.1.

with the analysis obtained from I- V characteris- Davis and A.C. Marshall, Superlattices and Microstruc-

tics. tures 6 (1989) 193.
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MBE growth and post-growth annealing of GaAs-based resonant
tunneling structures, viewed in relation to interface roughness

H. Riechert. D. Bernklau, J.-P. Reithmaier * and R.D. Schnell
Siemens Research Laboratories P.O. Box 830952. W-8X00 Miinchen 83. Germany

Device-oriented double barrier quantum well structures of very high quality were grown by MBE on GaAs substrates. We present
electrical characteristics of structures with GaAs and pseudomorphic InGaAs wells in correlation with the growth parameters we
used. Post-growth annealing experiments show that the peak-to-valley current ratios of even our best structures can still be improved
and that electrical measurements on such structures can very sensitively detect interface degradation occurring at temperatures above
800°C. We discuss our electrical data in relation to interface quality, concluding that they yield information about interface
roughness on a scale smaller than that probed by photoluminescence.

I. Introduction on GaAs substrates with much improved PVRs
121, amongst them a special structure containing

Double barrier quantum well (DBQW) struc- an InGaAs "prewell" adjacent to one barrier on
tures for resonant tunneling are one of the sim- which we obtained the highest room temperature
plest forms of a quantum electronic device. There- PVR (5.9) ever reported for GaAs-based struc-
fore the optimisation of their performance pre- tures.
sents an important task to both epitaxial technol- In this paper results on two types of structures
ogy and structural design. will be presented and discussed in relation to the

Key parameters are the peak current density jP roughness of the heterojunction interfaces: (i) con-
at the resonance voltage Up at which the negative ventional GaAs/GaAIAs structures (type A), (ii)
differential resistance sets in as well as the peak- structures with InGaAs of varied In content as the
to-valley current ratio PVR =j,/j, with j, being central potential well (type B).
the current minimum (" valley") at a voltage just
beyond the resonance. Whereas jP depends ex-
ponentially on the barrier thickness, the factors 2. Experimental
influencing PVR are theoretically not so clear.
Recent work [1] has shown that inelastic scattering
processes limit the practically obtainable PVR and ate structural as [2picte cn-

thtfor a given structure the interface roughness cnrtdo B Wsrcue sdpce nfgthat f1. All results reported here pertain to the same
is the most important growth-related parameter.
Thus electrical characteristics of DBQWs may be GAIsbre/wldi niosf30 /4 Awith an Al content of 0.6 in the barriers and to the
an important way of judging interface quality,
complementary to photoluminescence. same two-step Si-doping profile which symmetri-

We have recently reported DBQW structures c he DBQWThe DBQW structures were grown in a VG

Semicon V 80H MBE system, using elemental

Work performed under a Siemens PhD grant. Present ad- sources. The substrates used were 2 inch, n '-doped
dress: IBM Research Laboratory. Siumerstrasse 4, CH-8803 (Si or Te). (100)± 0.50 or 20 off-oriented. The
Roschlikon. Switzerland. substrate temperature was measured by a short
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Table 1
0.2 I.m GaAs n = lx1018 cm 3  Data of GaAs/Ga0 .4 AIo 6 As DBQW structures

0.1 gm GaAs n = 1x10 17 cm "3  
T j,(+) U,(+) PVR(-) PVR(+) PVR,,,

(1C) (kA/cm
2) (mV)1so A GaAs undoped

3o A Gao. 4 A10 .As undoped 605 5.8 1430 3.4 3.6 3.9
605 6.0 1410 3.6 3.8 4.1

40A (In)GaAa undoped 525 6.4 1400 4.1 4.4 4.6

-30A Ga0 .4A10. 6AS undoped 520 7.0 1410 3.9 4.5 4.8

S150A Ga~s undoped 505 5.0 1280 4.0 4.6 4.8

1 T: growth temperature.
-U P: bias voltage at which peak current is observed.

0.6 m Ga n = lx10
1 8 cm

3  
(
+ ) and (-) refer to electron injection from the top and from

' the substrate. respectively.

n + GaAs - Substrate All electrical data taken at room temperature.

Fig. 1. Schematic cross section through our double barrier
quantum well structures. average PVR values given ((+) and (-) desig-

nating electron injection from the top and from
wavelength pyrometer, as required by the In-free the substrate, respectively) are the mean values of
mounting technique we employed. The GaAs oxide 10-12 examined test diodes taken across a 35 mm
desorption temperature, taken as 580'C, was diameter area in the center of the 2 inch wafer.
routinely used as a calibration point. In the central There is a tendency towards higher peak currents
part of the structure the GaAs growth rate was and higher resonance voltages towards the edge of
about 0.6 A/s. No growth interruptions at the the wafer, due to decreasing layer thickness. The
interfaces were employed. PVR values, however, are very uniform over the

The processing into diodes and details on elec- 35 mm diameter area. Results from DBQWs grown
trical measurements are given in refs. [2,31. on differently oriented substrates were within this

Post-growth annealing experiments were per- variation of data.
formed to assess the process stability of our struc- The PVRs obtained represent a significant im-
tures and to examine if improvements like those provement over the highest room temperature val-
observed in the photoluminescence yield of pseu- ues previously reported in this material system [6]
domorphic lnGaAs/GaAIAs QWs [41 could be and are achieved with slightly higher peak current
found. To this purpose. quarters of 2 inch wafers densities (7 kA/cm 2 ). Note that the high quality
were capless annealed under AsH, employing a 5 of the structures grown at 605'C is still exceeded
min temperature ramp and holding the samples at by those grown around 520'C. a growth tempera-
the specified temperature for a further 25 min. ture uncommonly low for heterostructures in this
These annealing conditions were found to give material.
damage free surfaces suitable for shallow channel The DBQWs of type B which we have grown
(< 500 A) MESFET application [5], ensuring that are identical to the GaAs/GaAIAs structure ex-
the DBQVW structure is not influenced by surface cept for the In contents of 8%, 11% and 15% in the
degradation. The wafers were subsequently well layers. The In contents were closely moni-
processed into diodes, such that each piece was tored by optical absorption and photolumines-
annealed at only one temperature. cence studies on InGaAs/GaAs MQW layers [8]

grown with the same flux settings, usually on the
same day.

3. Results and discussion The growth temperature for the active part of
the structure was below 530°C. The electrical

Room temperature electrical data for our data obtained at room temperature for these struc-
GaAs/GaAIAs structure are given in table 1. The tures are presented in table 2. Contrary to previ-

I
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Table 2 For each type one wafer of the highest and one of
Data on lnvGa_ ,As/Gao.4 Al0 .6 As DBQW structures; for somewhat lower quality underwent the anneals.
explanations see table I Again, the higher PVRs were obtained on material

y j,(-) U,(-) PVR(-) PVR( +) PVRm, grown at the slightly lower substrate temperatures
(kA/cm2 ) (mV) (505-508°C rather than 515-520'C). The com-

0.08 3.3 750 3.95 3.85 4.1 plete results are given in table 3, from which we
0.11 1.0 400 2.83 2.56 3.4 extract the following information.
0.15 0.6 310 2.35 2.06 2.6 FrtFirst, annealing improves the PVRs (again

measured at room temperature) of all samples,
even in those which from their as-grown data, are

ous results in the literature (PVR < 2; see, e.g., ref. among our very best. Maximum PVRs are ob-
[71), the PVR values of our structures can be tained after annealing at 800-820'C.
almost comparable to those of our GaAs/GaAlAs Secondly, there is a clear trend that rising an-
structures. The desired reduction in the resonance nealing temperatures cause a moderate increase in
voltage Up is clearly achieved. We find a more the peak current density jP and the resonance
pronounced variation of PVR on the wafer than voltage Up, particularly in the structures with In-
on type A structures. Having checked by photo- GaAs wells. We attribute this to a narrowing of
luminescence that the In content is constant to the potential well by a slight diffusion of Al from
within .1% we attribute this to a dependence of the barriers. As the energy of the quantized well
PVR on the substrate temperature, which is more state goes up, the transmission function broadens,
critical than for GaAs. Note the asymmetry in the which would explain the increase in p.
I- V curves, which is generally smaller but always Thirdly, while the thermal stability of all struc-
opposite to that found for structures of type A. tures is quite good, we find drastic changes in the
This will be explained below. electrical data of sample Al after the 820'C an-

Post-growth annealing experiments were per- neal, as shown in fig. 2. The resonance voltage
formed with quarters of 4 wafers, 2 with structures rises by about 40%, and the peak current drops
of type A and 2 of type B with 8% In in the well. sharply. This must be due to a more severe Al

Table 3
Room temperature data of annealed samples

Sample Temperature jp( +) Up( + ) PVR( +) PVR( -) PVma
(*C) (kA/cm2

) (mV)

A l 525 4.8 1580 4.41 4.27 4.6
750 4.9 1520 4.29 4.14 4.5
800 5.6 1600 4.74 4.54 4.9
820 1.5 2200 4.35 4.07 5.1

A2 505 4.5 1200 4.61 3.98 4.8
820 5.5 1260 4.86 3.99 5.1
840 5.6 1320 4.67 4.21 4.9

Bi 520 1.5 690 2.73 2.93 3.1
750 1.6 720 2.74 2.92 3.4
800 2.5 920 2.56 2.81 3.2

B2 508 1.5 560 3.72 3.65 3.9
820 1.2 700 4.02 3.46 4.3
840 2.8 840 3.72 3.79 4.1

Al and A2 with GaAs wells; BI and B2 with lno.c@Gao 92 As wells.
The lowest temperatures are the growth temperatures.
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7 .optical data [10]. Adopting the view taken in ref.
[101 that one always has to consider a roughness
spectrum, we can simply reconcile our electrical

_- data with commom results of optical experiments
03 by assuming that at low growth temperatures we

t.6 ! optimize the interface roughness periodicity on the
4 de Broglie wavelength scale, whereas at higher
Sgrowth temperatures we minimize the roughness

1.2 g periodicities around the exciton diameter, which
then leads to narrowest QW photoluminescence
linewidths.

............ 0.8 Furthermore, based on a comparison of the
5M 60 7t00 ON 90 electrical characteristics of structures with and

temperature (deg C) without In in the potential well we explained the
Fig. 2. Peak current density (open symbols) and resonance origin of the asymmetry in the I-V curves: R
voltage (full symbols) of sample Al after different anneals. The

lowest temperature is the growth temperature. PVR( + )/PVR( -)> I if the upper barrier/well
interface is of higher quality, as it is the case for
GaAs wells. For InGaAs wells PVR(+)/
PVR(-) < 1, which we attribute to the fact that
pseudomorphic InGaAs shows a stronger tend-

diffusion causing the potential barrier to widen ency for 3D growth than GaAs [9].
significantly, which in turn leads to the decrease On the basis of this model we can differentiate
on j.. Thus, the electrical data give a very clear between the quality of the top and bottom in-
indication of a thermal degradation. ferfaces by measuring under positive or negative

Last, we recall the correlation between interface bias. Thus, we can determine which interface is
quality and PVR, which we discussed in a forth- more affected by the anneals: In both of the better
coming publication (ref. [3] and references therein) samples, the highest PVRs are attained in con-
and extend it by the data presented here. Citing junction with a significant increase in R. in both
recent theoretical and experimental results we samples the top interface is improved, in sample
concluded that the PVR is a valid measure for B2 the bottom interface is slightly worse than
interface roughness. We interpret the fact that our without anneal. Both samples. however, show an
best PVRs are obtained by growth at temperatures improvement of the bottom interface with the
far below those which give best optical quantum anneal at 840'C.
well performance by considering the different Also, it is interesting to note that the top inter-
probe scales of optical and tunneling experiments: face of the GaAs well -an be improved. i.e. that
Tunneling involves hot electrons which probe on the small scale probed by tunneling electrons
lenghts of the order of their de Broglie wavelength there was still some roughness present after
(2 30 A) whereas photoluminescence averages growth.
over the typical exciton diameter of < 300 A.

Thus from our results on PVRs of structures
grown at different temperatures (table 1) we have 4. Conclusions
to conclude that heterointerfaces grown at >
600'C must contain roughness on a 50 A scale in We have reported the growth of high perfor-
contradiction to generally accepted ideas of mono- mance double barrier quantum well structures
layer-flat islands of > 300 A size. at least for the which we believe set a new standard for the room
upper GaAs/GaAIAs interface, temperature performance of GaAs-based struc-

Recently. however, strong evidence has been tures. Particularly large improvements were at-
brought up against this simple explanation of tained for structures containing pseudomorphic

L I-L . . ....
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MBE growth of GaAs/AlAs double-barrier structures
on GaAs channeled substrates

S. Shimomura, N. Okamoto *, M. Takeuchi, E. Tamaoka * * Y. Yuba, S. Namba,
S. Hiyamizu
Research Center for Extreme Materials and Faculty of Engineering Science. Osaka University, 1-1 Machikaneyama, Toyonaka,
Osaka 560, Japan

M. Shigeta, T. Yamamoto and K. Kobayashi
A TR Optical and Radio Communications Research Laboratories, Sanpeidani Inuidani. Seika-cho, Soraku-gun, Kyoto 619-02, Japan

Overgrowth of GaAs and GaAs/AAs heterostructures on GaAs channeled substrates by MBE was studied. Grooves along [0111
were made on a (100) GaAs substrate by selective etching. There are two kinds of crystal planes on the substrate: a (100) plane (flat
region) and a (111 )A plane (slope region). We first demonstrated the resonant tunneling of electrons preferentially through a small
(11 I)A slope region (12 p m wide) of GaAs/AlAs double-barrier structures grown on the channeled substrates.

I. Introduction includes formation of an active region of the
structure, is made by MBE.

MBE overgrowth of GaAs/AlGaAs hetero- Recently, many investigations of MBE growth
structures on channeled substrates, which has of III-V compound semiconductor materials on
laterally several kinds of facets on its surface, has channeled substrates have been reported: they are
three advantages for fabricating low-dimensional observation by scanning electron microscope
electron structures: (1) The effective band gap in a (SEM) [1-3], investigation of growth modes [2,3],
quantum well structure can be laterally modulated growth simulation of MBE overgrowth [3], ob-
because of different growth rates for different servation by transmission electron microscope
facets owing to the different incident angles of the (TEM) [4-6] and by cathodoluminescence (CL)
molecular beam fluxes and the different dissocia- [5-7], Si doping characteristics of GaAs [8], Ra-
tion rates of molecular species. (2) The lateral man and photoluminescence measurements of Al-
dimension of the structures can be precisely con- GaAs [9], laser diodes [2,7,9-11], and fabrication
trolled because of the fine controllability of both of quantum well wires [12].
etching processes and MBE growth. (3) Defect-free When this technique (overgrowth on channeled
low-dimensional structures can be realized, be- substrates) is applied to fabrication of the low-di-
cause the final stage of fabrication, which often mensional structures, it is very important to un-

derstand electrical and electronic properties of an
overgrown layer both in the flat region (typically
(100) plane) and in the slope region (often (111 )A

* Present address: Fujitsu Laboratories, 10-1 Morinosato- or (311)A facet planes). There have been, however,
Wakamiya. Atsugi 243-01, Japan. few reports on characterization of epitaxial layers,

• * Present address: Research Center R&D Headquarters,
Sanyo Electric Co. Ltd., 1-18-13 Hashiridani. Hirakata especially on the slope region because of technical
573, Japan. difficulties. This paper reports the first fabrication

0022-0248/91/$035.0 l 1991 - Elsevier Science Publishers B.V. (North-Holland)

" Fa



1106 S. Shimomura et aL / MBE growth of GaAs / AlAs double-barrier structures on GaAs

of GaAs/AlAs resonant tunneling diodes (RTDs) of substrate temperature (T.) and V/Ill pressure

on GaAs channeled substrates and preliminary, ratio, because the RTDs require good surface

but successful, observation of negative-differential morphology and n-type conductivity on the (I ll)A

resistance due to a resonant tunneling current slope region as well as on the (100) region.

preferentially through the (111 )A side slope region Fig. 1 shows SEM photographs of the 1.0 f&m

of double-barrier structures. thick Si-doped GaAs layer grown at T, = 550*C

and V/Ill pressure ratios of 15 to 60 using a
Varian GEN-I Modular MBE system. The sub-

2. Experiments strate was rotated at 60 rpm in order to eliminate

a shadowing effect of some molecular beams by a

Grooves along [011] were made by selective structure of the channeled substrate. At V/III =

etching on (100) GaAs substrates with the use of 15, we obtained the good morphology on the (100)
an AZ-1350J resist mask and an etchant of surface, but on the (I1l)A slope region a lot of Ga

HPO4 : HO, = 1:10. The etching depth was droplets could be seen due to insufficient As4

about 10 I m. The upper and lower (100) planes supply. The surface also became rough at V/IlI =

are connected by the (Ill)A facet slope. After 60 because of the excess As 4 flux. At V/Ill = 30,
removing the resist, the surface of the substrate however, quite good surface morphology was ob-

was degreased and was slightly etched by taned on both (100) and (111)A regions.

H 3 PO4 : H 2 0 2 : HO = 3: 1 : 50. Conductivity of the GaAs films was n-type on
First, we studied surface morphology and elec- the (l11)A slope at V/III = 30 and 60; on the

trical properties (n-type or p-type conductivity) of other hand, it was p-type at V/IIl = 15. There-

Si-doped GaAs (doping concentration of 1 X 1018 fore, V/III = 30 was chosen for growth of RTDs

cm 3) on the channeled substrates as a function on channeled substrates. Details of the surface

Fig. 1. SEM photographs of surface morphology of GaAs grown on the GaAs channeled substrates at 550*C, and V/Ill =15 (a).
30 (b), 60 (c). The central part corresponds to GaAs on the (I lI)A slope region.

4
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1 1 band offset energy (AE.) of 1053 meV, and the
Cathodoluminescence valence band offset energy (AE) of 569 meV.

160K
46A The spectrum from the (ll1)A slope region has

Bulk three apparent peaks (fig. 2b). The two higher

Flat 115N energy peaks come from 26 A and 42 A quantum
S69 I wells. These values of well widths on the (1 I )A

region are 57% and 61% of the corresponding well

.g 234 width for (100) region. The heavy hole masses in
a the [111] direction are 0.9m 0 (GaAs) and 1.06m 00 42A (AlAs). The angle between the (111)A slope and

/C the (100) flat plane is 54.7*, then the molecular
slope ] beam flux intensity on the (111)A slope facet

2 \A __,,.I~U during growth becomes 57.7% of that on the (100)
2_6 A 6,1 flat plane, if the unit sticking coefficient of Ga or

b Al is assumed. Expected wavelengths of CL
0 emitted from other two quantum wells with Lw =

6500 7000 7500 6000 66 A (57.7% of 115 ,) and 133 A (57.7% of 230 A)
Wavelength ()

are indicated by bars in fig. 2b. Slight shoulders at
Fig. 2. Cathodoluminescence (CL)spectra at 60 K from h these wavelengths can be seen in the spectrum.

(100) flat region (a) and from the (11 )A slope region (b). Hence the calculated quantum well widths seem to

be quite reasonable.
The FWHM (full width at half maximum) of

morphology and the p-n conversion of Si-doped the luminescence from the 46 A quantum well on
GaAs on channeled substrates will be reported the (100) flat region was 40 meV and there could
elsewhere. be seen the considerable tailing on the higher

CL measurements at 160 K were made for energy side of all peaks. This is possibility due to
GaAs/AlAs quantum well structures grown on the high temperature (160 K) and quite heavy
the channeled substrates at T = 630'C and V/Ill excitation by the incident electron beam (1 × 10- "
= 30 to compare the well widths and quality of A per 1-2 Asm diameter, 15 kV). The FWHM of
GaAs/AlAs quantum wells on the (1ll)A slope the luminescence from the 42 A quantum well on
region with those on the (100) surface. The growth the (11l)A region is quite large (76 meV). This
rates of GaAs and AlAs were I and 0.43 Mm/h, broadness is partly owing to the fact that the slope
respectively. On the (100) flat region, GaAs quan- gradually changes from (lll)A to (211)A (540 -
tum well widths (Lw) are 23, 46, 69, 115 and 230 350) at the foot of the slope region in this experi-
A and AlAs barrier layers are 500 A thick. The CL ment. Then, quantum well width may be consid-
spectrum from the (100) flat region is shown in ered to increase at the lower part of the slope
fig. 2a. The peak around 8200 A comprises region. The higher energy side tailing of the peaks
luminescences from the 115 and 230 A wells and can be considered similar to the case of the (100)
bulk GaAs. The other three peaks are identified to flat region.
be the luminescences from 69. 46 and 23 A quan- Epitaxial growth for RTDs on the channeled
tum wells as indicated in the figure. These three substrate was carried out at T, = 550 * C. The other
peaks are 75 meV (L. = 69 A), 148 meV (46 A), growth conditions were the same as the quantum
and 378 meV (23 A) higher in energy than that of well structures for CL measurements. An undoped
the bulk GaAs. These observed shift energies agree AlAs(34 k)/GaAs(70 A)/AlAs(34 A) double-
well with the calculated value based on the elec- barrier structure sandwiched between two un-
tron masses of 0.0665m 0 (GaAs) and 0.15m 0  doped GaAs spacer-layers (117 A) was grown on
(AlAs), the heavy hole masses (in the (1001 direc- an n-GaAs layer (n = 5 X 1017 cm- 3), as shown in
tion) of 0.34m o and 0.75m0, and the conduction fig. 3. The top n*-GaAs (n = 1 x 101Q cm - 3) was
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GaAs/AlAs RTO while another peak at 0.52 V is considered to be

due to the resonant current through the (lll)A
slope region. The calculated values are 0.131 V for
the (100) region and 0.288 V for the (lll)A re-
gion. The differences between measured peak volt-
ages and calculated values results mainly from a
high contact resistance of the device. Peak-to-val-

n-GaAs ley (P/V) current ratios were 1.48 for the (100)
344 AlAs_ flat region and 2.0 for the (1ll)A slope region.
70A GaAs (100) These rather small P/V ratios are probably due to
344 AlAS the quality of the double-barrier structure on the

n-GaAs/.-' (1 l)A facet and the parallel conduction through
the (100) flat and the (111)A slope regions.

Channe led Substrate

Fig. 3. Schematic cross-sectional structure of the resonant
tunneling diode on the channeled substrate. 3. Summary

The current-voltage characteristics of a GaAs/
grown to make non-alloy ohmic contacts. These AlAs resonant tunneling diode (RTD) fabricated
layer thicknesses are values for the (100) region. on a GaAs channeled substrate, which has the
The RTD was fabricated by a photolithographic (100) flat plane and (111)A slope plane on its
technique and wet etching. The schematic struc- surface, were measured at 77 K. The resonant
ture of the RTD is also shown in fig. 3, tunneling currents preferentially through the

Fig. 4 shows the current-voltage characteristics (111)A slope region were observed for th first
of the RTD structure with a 40 X 40 Am

2 area, time. Furthermore, cathodoluminescence (CL)
which includes the (11I)A slope region (12 pxm spectra from quantum wells indicate that reasona-
wide). The current peak at 0.38 V results from the ble quantum wells were grown on the (I11)A slope
resonant tunneling current in the (100) flat region, facet of a channeled substrate. These results imply

that a resonant tunneling barrier structure fabri-
cated on channeled substrates with a microscopic

- slope region will provide us potential means to
GaAs/AlAs RT0 realize the lateral confinement of electrons emis-

4 on a Channeled Substrate / sion.
(111)A Slope
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Highly strained pseudomorphic InxGaix As/A1As based
resonant tunneling diodes grown on patterned
and non-patterned GaAs(100) substrates

R.M. Kapre, A. Madhukar and S. Guha
Photonic Materials and Devices Laboratory, University of Southern California, Los Angeles. California 90089-0241, USA

Resonant tunneling diodes (RTDs) with strained well and spacer regions made of ln.Ga1 -,As alloys or (InAs)M/(GaAs), short
period multiple quantum well (SPMQW) have been fabricated on GaAs(100) substrates. With increasing x, the presence of strain
results in generation of misfit dislocations and/or change to threc-dimensional island mode of growth, both detrimental to the
performance of the RTDs. Consequently, a systematic study of the electrical and structural properties of RTDs with 0.10 < x :< 0.33
was carried out with emphasis on control of the growth kinetics. This has led to RTDs with (InAs) 1 /(GaAs) 2 wells having room
temperature peak to valley ratios (PVR) of 4.7 with peak current densities (Jp) of 125 kA/cm2

. This is the first time that devices
grown on GaAs substrate without any thick strain relieving intermediate layers have shown simultaneously high PVRs and JP.

1. Introduction strates, since thick intervening strain relieving
layers of other materials such as InAs can corn-

Resonant tunneling diodes (RTDs) have been promise the desired objective as InAs is optically
fabricated in various material systems including absorbing in the long wavelength regime of inter-
GaAs/AIGaAs, In0., 3Ga 0 47As/AIAs, and InAs/ est.
AlSb grown on GaAs, InP, and InAs substrates, The key to improving the PVR of RTDs while
respectively. Considering the usual figures of merit maintaining high Jp is to use barrier and well
of peak current density (Jp) and peak-to-valley materials with high conduction band (CB) discon-
ratio (PVR), strained RTDs with In0 53Ga 0.47As/ tinuity (AE). In the GaAs/AlxGa 1 -. As system
InAs wells and AlAs barriers grown on InP sub- while the F-FAE, can reach 1.0 eV for x = 1.0, it
strate have shown the best results: a room temper- is the F-X A E. of only 0.194 eV which is oper-
ature PVR of 30 with Jp = 6 kA/cm 2 [1] and a ative thus reducing the effectiveness of the barrier
PVR of 3-4 with Jp = 400-500 kA/cm2 12]. in cutting down non-resonant valley current. Use
Lattice matched GaAs/ AIGaAs RTDs. on of the lower bandgap In.Ga,-,As for the well
GaAs(100) substrates have shown room tempera- region offers increasingly larger F-X AE, with
ture PVRs of 4-5 with JP = 10-20 kA/cm 2 [3] increasing x. However, being lattice mismatched
and PVR of 2-2.5 with Jp = 100-200 kA/cm 2 [4]. to GaAs and AlAs, it poses two severe difficulties
Strained InGaAs/AIAs RTDs on GaAs(100) have for high quality growth. First, for x - 0.5, the
shown comparable behaviour with PVR of 4.7 and critical thickness for misfit (3.5%) induced defect
JP = 10-12 kA/cm2 [5]. lnAs/AlSb devices based formation, if a 2D layer-by-layer mode of growth
on thick n+-InAs epilayers on top of GaAs (i.e. could be maintained, is 10 monolayers for the
very low strain in the RTD) have yielded room individual layer itself. For x ?: 0.30 there is in
temperature JP = 200-400 kA/cm2 with PVR of general a tendency for the growth mode to change
3-4 [6]. For GaAs based optoelectronic device over to the 3D island formation after a few mono-
integration, it is important to achieve good perfor- layers of growth depending upon the growth con-
mance for RTDs grown directly on GaAs sub- ditions employed. Second, the large differences in
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the surface mobilities of In, Ga, and Al as well as be effective in reducing non-resonant valley cur-
the congruent temperatures of InAs, GaAs and rent as compared to the usual undoped GaAs
AlAs, impose severe limitations on optimizing spacers. The undoped tunneling structures were
growth conditions for simultaneous high quality grown on top of 0.7 Im n'-GaAs epitaxical layers
growth of AlAs barriers and In.Gat-,As well on n+-GaAs(100) substrates and capped with 0.6
layers. It has been demonstrated that growth of pm n+-GaAs. RTDs with In0,.Ga0,.As well and
In Ga -,As on pre-patterned GaAs mesas results spacer layers have resulted in room temperature
in reduction of misfit dislocation density [7]. Con- Jp - 11 kA/cm2 and PVR 3.2 [9], while those with
sequently this technique was explored in this work In 0.25Ga0.TAs well and spacer gave Jp = 10-20
on the growth of strained In.Ga,_,As/AlAs kA/cm2 and PVR = 4.5 [5]. Further improvement
RTDs. For RTDs with high In ( > 25%), the strain requires x > 0.25. By optimizing MBE growth
appeared to be large enough for the onset of 3D kinetics based upon reflection high energy elec-
island growth after the deposition of - 10 mono- tron diffraction (RHEED) pattern and intensity,
layers (ML) under most growth conditions em- we have successfully grown a series of samples

ployed earlier [5.9]. Substrate patterning on 20 with In content in the well regions from 30% to
pim x 20 pAm scale did not improve the situation. 33%. RTD device structures are summarized in
Consequently, to maintain layer-by-layer growth, table 1. RTDs No. 19 and No. 21 have a doping
new growth conditions providing better control of density ND = 1 x 10"8 cm- , while the others have

growth kinetics were explored and employed in ND = 2 X 1018 cm 3 in the contact layers. RTDs
the present work. In addition, we have examined No. 19 and No. 29 have conventional homoge-
the use of (InAs)M/(GaAs), short period super- neous random alloy InGaAs layers while the re-
lattice (SPSL) as the strained layers. This was maining contain SPMQW layers. Growth condi-
motivated by previous work on such strain layer tions used for these RTDs are summarized in
modulated structures [8] where good quality inter- table 2. A substrate temperature increase/ decrease

faces were realized, was typically accomplished in 60/120 s by inter-
rupting growth and rapidly adjusting the power
input to the substrate heater. Rapid changes in

2. Resonant tunneling structures As4 pressure were made possible by using two As 4
cells. Monolayer delivery times, 7ML, were de-

The resonant tunneling structures discussed termined by RHEED intensity oscillations on InAs
here are of the triple-well double-barrier type con- and GaAs substrates immediately prior to the
sisting of undoped top and bottom In.Ga -_As growth of the actual structures. During the RTD
spacers, undoped AlAs barriers, and undoped growth, the RHEED pattern was used to infer
InGa -,,As well. The presence of an undoped growth front morphology with streaky/spotty
spacer well was shown in our previous work [9] to pattern indicating 2D/3D growth. The As 4 pres-

Table I
Structural parameters of the RTDs reported; RTDs No. 19 and No. 29 have conventional homogeneous random alloy In.Ga - ,As
layers while the others have (lnAs)M/(GaAs)N short period multiple quantum well layers; the thicknesses are specified in units of

monolayers (I ML = 2.83 A)

RTD Spacer Well dP b w
No. material material (ML) (ML) (ML)

19 Ino 3GaO.7 As lno 3Gao.As 20 9 23
29 InoGaO.7 As lno3Gao.7As 15 8 18
21 (InAs),/(GaAs) 2  (InAs),/(GaAs)2 15 10 24

23 (lnAs),/(GaAs) 4  (lnAs) 1 /(GaAs) 2  15 8 18
28 (InAs),/(GaAs)4  (inAs),/(GaAs) 2  15 6 18
31 (lnAs),/(GaAs)4  (InAs),/(GaAs) 2  15 4 18

55
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Table 2
Growth conditions used for the RTDs reported; the substrate temperature read by a calibrated pyrometer, As4 pressure read by a
beam flux monitor, and the monolayer delivery time, T

ML, are tabulated

RTD Sp.cer aad well layer Barrier layer
No. T. b PA. 

T
ML T.u PA TML

(°C) (10-6 Tort) (s) (*C) (10- 6 Tort) (S)

19 555 6.5 2.8 555 6.5 3.5
29 425 2.3 2.7 525 3.7 4.2
21 475 2.8 4 600 7.0 3.5
23 475 4.8 4 600 4.8 2
28 425 1.6 4 525 3.7 4.2
31 425 1.6 4 525 3.7 4.2

sures for samples No. 19 , No. 21, and No. 23 Ic show the cross-sectional TEM micrographs
were chosen to maintain sufficiently As-stabilized from the patterned and non-patterned regions.
growth conditions, since barely As-stabilized con- Both regions show that a 3D island mode of
ditions were earlier found to be detrimental to growth had set in and a high density of disloca-
RTD performance [9]. The As4 pressures for sam- tions of 5 X 10 cm - 2, as measured by TEM,
pies No. 28, No. 29, and No. 31 were chosen such
that the As incorporation rate was about 1.5 times
that of the group II elements. For this, the As
incorporation rate was determined by performing
As controlled RHEED oscillation experiments
110]. The SPMQW essentially equivalent to 20%
and 33% alloys were grown by deposition of 1 ML
of InAs followed by 4 ML or 2 ML of GaAs with
a 5 to 10 s growth interruption before deposition
of the next period. In order to study the effect of
growth on finite substrates, a portion of the
GaAs(100) substrates for RTD's No. 19, No. 21,
and No. 23 was patterned into 20 um X 20 pm
wide and 1 pm deep mesas. The grown structures - 0.2 VI&IV +
were processed into 12 ptm X 12 pm mesas with S
AuGe/Ni top and In back alloyed ohmic con-
tacts. E

r

3. Results ard discussion

Fig. la shows the 77 K I-V characteristics
from the patterned region of RTD No. 19 contain-
ing In0 3Gal 7As alloy in the spacer and well layers. b C

A weak negative differential resistance (NDR) Fig. 1. (a) 77 K typical I- V characteristics of 12 pim x 12 pm
effect is seen for both polarities. The + polarity size RTDs made from the patterned region of RTD No. 19
indicates top of the mesa biased positive with containing conventional In0.3Gao.TAs alloys. The symbol + re-

fers to top of mesa biased positive with respect to the bottom.
respect to the bottom. The non-patterned region Cross-sectional TEM micrographs of RTD No. 19 from (b)
of this sample did not show a NDR. Figs. lb and patterned region, (c) non-patterned region.
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E

- 0.2 V/div +
a b

Fig I (a) 300 K typical I -V charactenistics of 12 Am x 12 Am size RTDs made from the non-patterned region of RTD No. 21
containing (InLAs) 1/(GaAS) 2 SPMQW. The symbol +refers to top of mesa biased positive with respect to the bottom. (b) A

cross-sectional TEM micrograph of RTD No. 21 from the non-patterned region.

EE
o 0

-0.2 VIdiv + -0.2 Vdiv +

a b

C
Figs 3. 300 K typical I - V characteristics of 12 Am x 12 pm size RTDs made from the non-patterned region of (a) RTD No. 23 with
wells grown at 475'C. (b) RTD No. 28 with wells grown at 4251C. Both the RTDs contain (lnAs)1 /(GaAs) 2 SPMQW spacer and

(lnAs),/(GaAs)2 SPMQW well regions. (c) A cross-sectional TEM micrograph of RTD No. 281 (non-patterned).
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have propagated through the cap layer. Due to the 28 at 300 K are shown in fig. 3b. The figure shows
3D mode of growth, the advantages that accrue a Jp of 125 (104) kA/cm2 with a PVR of 4.7 (4.7)
from patterning in the layer-by-layer growth reg- for positive (negative) bias. At 77 K, a Jp of 128
ime of strained In.Ga,__As are lost [111. Conse- (111) kA/cm2 with PVR of 7.6 (6.7) is seen. To
quently, only a marginal effect of patterning on our knowledge, this is the first time a high room
resonant tunneling is observed. The I-V char- temperature PVR has been obtained simulta-
acteristics at 300 K from the non-patterned region neously with JP > 100 kA/cm2 in RTDs grown
of RTD No. 21 ((33%) In SPMQW) are shown in directly on GaAs substrate without any inter-
fig. 2a. Note (table 2) that the growth temperature mediate, thick strain relieving layers. The high
has been lowered to 475 from 555 'C for RTD degree of symmetry in the I-V characteristics is
No. 19. Here the NDR effect is stonger than for indicative of good interfacial quality. The high
RTD No. 19, though much inferior to state-of-the- structural quality of the RTD is also corroborated
art RTDs. Results from the patterned region were by the cross-sectional TEM micrograph shown in
similar to that from the non-patterned. The im- fig. 3c. A search over a wide area did not reveal
provement over RTD No. 19 correlates well with any misfit dislocations. The excellent results ob-
the superior morphology observed in TEM (fig. tained for RTD No. 28 compared to RTD No. 23,
2b). A 3D mode of growth had set in and a which is a structure identical to it (except for a
dislocation density of - I X 109 cm- 2 measured small difference in barrier thickness), indicate that
by TEM is observed. A large asymmetry is seen in the growth conditions play a major role in 3D
the I-V characteristics with the improved NDR island formation. The RHEED pattern remained
measured for tunneling from the substrate into the streaky all the way through the growth of RTD
cap layer. This is indicative of the expected No. 28 as opposed to RTDs No. 19, No. 21, and
roughening of the interface with thicker growth of No. 23 where it turned spotty during the growth.
straineA !vers. To relieve the influence of increas- RTD No. 31 was grown under conditions identical
ing strain, but without compromising the relevant to RTD No. 28 and resulted in a 77 K JP of 319
AE, between the well and barrier layers, we ex- (250) kA/cm with PVR of 2.3 (2.12) for positive
amined structures with lower In composition in (negative) bias. Due to high power dissipation in
the spacer layer only. Fig. 3a shows the I-V RTD No. 31, when tested at room temperature,
characteri-'.,s from the non-patterned region of the devices were destroyed. RTD No. 29 with
RTD No. 23 ( 20%) In SPMQW spacers. <33%) conventional alloy ln 0.3Ga0 .7 As layers showed a
In SPMQW well layer), the results from the pat- J. of 32 (32) kA/cm2 with PVR of 4.7 (5.2) for
terned region being again similar. A much higher positive (negative) bias at room temperature. The
current density at resonance is observed, con- growth conditions were identical to RTD No. 28.
sistent with the higher contact layer doping of
2 x 10 8 cm 3 used in this sample. However, the
NDR effect is small, indicative of poor interfacial Acknowledgements
quality as is the case for RTDs No. 19 and No. 21.
RHEED studies of (33%) In SPMQW indicated This work was supported by the Air Force
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Comprehensive analysis of epitaxial Al/AlGal _As Schottky barriers
made by MBE: barrier heights and band edge discontinuities

M. Missous, E.H. Rhoderick, K.E. Singer and W.S. Truscott
Department of Elecirical Engineering and Electronics and Centre for Electronics Materials.
Unicersitv of Manchester Institute of Science and Technology, P. . Box 88, Manchester M60 I QD UK

Extremely high quality epitaxial aluminium on AlGa -,As Schottky diodes have been prepared by MBE. The excellent
electrical properties of the MBE grown AIGaAs layers, with residual deep-level concentrations of less than 1014 cm- 3. combined with
the in-situ deposition of single crystal epitaxial aluminium resulted in Schottky diodes with accurately exponential current-voltage
characteristics over up to 6 decades of current and with ideality factors, for all but one of the diodes, less than 1.04 for x from 0
(GaAs) to I (AlAs). The dependence of the Schottky barrier heights on the aluminium mole fraction was determined using I/V and
C/ V measurements. A comparison of the data from n- and p-type diodes shows the pinning level responsible for the barrier height to
be the same in both cases the sum of the barrier heights giving a bandgap dependence on composition consistent with other data.
The compositional trends of the barrier heights are shown to be in close agreement with accepted GaAs/AIGaAs conduction and
valence band offsets, supporting the idea of a relationship between Schottky barriers and heterojunction band offsets.

I. Introduction by a comparison of the barrier heights of a given
metal to GaAs and AIGaAs, provides a direct

The use of MBE to produce Schottky contacts measure of the band offset between the two semi-
by in-situ deposition of metal on freshly-grown conductors. For the case of diodes to p-type
surfaces has allowed diodes with much improved material this will be the valence band offset, and
electrical characteristics to be produced 11]. In the for n-type, the conduction band offset.
case of AI,Ga,- As. the in-situ growth of epi- Unlike some other experimental procedures,
taxial aluminum overlayers can be expected to this technique is applicable in both the direct and
lead to even more dramatically improved contacts indirect gap regions of the alloy system. It should
as the high reactivity of Al,Ga, As surfaces has be noted, however, that the calculation of the
made it extremely difficult to fabricate conven- offset is the result of the subtraction of two rela-
tional ex-situ Schottky diodes [2,31. tively similar numbers and thus for any meaning-

From a more fundamental point of view, it has ful results, it is necessary that utmost care is taken
recently been suggested by Tersoff [4] that the in measurement of barrier heights and, more im-
band lineups at semiconductor heterojunctions are portantly, that the diodes used are of the highest
simply related to the difference in the Schottky quality. The MBE growth of epitaxial aluminium
barrier heights formed by the same metal to the on AIGaAs is shown to produce near-ideal Schott-
individual semiconductors forming the heterojunc- ky diodes, allowing a precise test of Tersofrs
tion pair. In essence this means that the physical assertion to be made.
mechanism responsible for the pinning of the Langer et al. [5] have recently assessed the
Fermi level in Schottky barrier formation also validity of Tersofrs ideas by drawing on earlier
determines the band lineups in heterostructures. Schottky barrier data [2.61. The conclusions reach-
The position of the Fermi level in a metal-semi- ed by Langer et al. (51, i.e, that the MIGS model
conductor contact (as determined by the barrier was not applicable, was based on the data availa-
height) would then provide a reference level which, ble at that time and apart from the work of
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Eizenberg et al. [6], all the diodes assessed were The relative errors in aluminium content (Ax/x)
produced by conventional means with the corre- are estimated to be less than ± 5%. Schottky bar-
sponding problems associated with the highly re- rier heights were determined by conventional I-V
active AIGaAs surface. and C-V measurements on photolithographi-

In this study we report on the electrical proper- cally-defined 0.5 mm diameter diodes.
ties of extremely high quality epitaxial Al on Al-
GaAs diodes with the aluminium concentration,
x, varied from 0 (GaAs) to 1 (AlAs). A detailed 3. Results
analysis of the characteristics of the characteristics
of the near ideal characteristics has allowed a The procedure adopted for aluminium epitaxy
critical test of Tersoff's assertion as well as an was essentially identical to that described earlier
assessment of current theories of Schottky barrier for GaAs [1] and n-type AIGaAs [9]. The grown
formation (7,81. AIGaAs surfaces exhibited a (3 x 1) reconstruc-

tion which on commencement of aluminium de-
position transformed gradually to a (1 x 1) struc-

2. Experimental ture. Initially aluminium nucleated in islands with
a mixture of (100) and (110) orientations. After

All the layers used in this study were grown by growth of approximately 30 nm this gradually
molecular beam epitaxy in a VG V90H system gave way to a predominantly (100) orientation.
using solid sources. The growth sequence of all the The RHEED patterns from the aluminium re-
samples studied consisted of a 0.5 Pm GaAs buffer mained characteristic of a smooth single crystal
layer doped p-type to 2 x 108 cm grown at surface throughout the growth of the film.
580 'C followed by a 10 period GaAs-AIAs su- The forward I-V characteristics of some typi-
perlattice (approximately 0.1 gm thick) and a 0.1 cal epitaxial Al on p-type Al Ga,_.As are shown
pm graded AlGa - ,As and finally 0.5 to 1pm of in fig. 1. The characteristics follow an exponential
AlGa 1 - As active layer doped with Be to (1-4) law for over 4 decades for Al on GaAs to more
X 1011 cm- 3

. The growth temperature was raised than 6 decades for the Al/Al0 .,Ga. 42As Schott-
during the graded alloy layer from 580 to 690*C ky diodes with very little component of recombi-
without changing the As 4 flux impinging on the
surface resulting in a very strong (3 x 1) recon- 2

structed surface.
After growth termination, the As, Ga, Be and -3 * 0

Al cells were lowered to their idling temperatures - 4 0 O
and the AIGa, - As films which still exhibited a 00 = 0
(3 x 1) surface reconstruction, were kept at high -5 - 0 21

0 0000

temperatures (500-5800 C) until the As overpres- -e 058

sure in the growth chamber dropped to below / o
10 - 8 Tofr, at which point the substrate was then 0 -70 o

lowered to room temperature. When the system -8
pressure was below 4 x 10 -10 Torr and the sub- /0

strate temperature reached 500C, aluminium was -9
evaporated on the (3 x 1) AlGa, _ As surface at -0
a rate of 0.01 A/s for 5 min, then this was
increased to 2000 A/h for I h. - o. o o.o o. o 080

The aluminium concentration was measured Forwo, d bias (Volts)
using a double crystal X-ray diffractometer. These Fig. 1. Typical logarthmic plots of JAI -exp( - qV/kT)l
data closely correlated with beam flux measure- versus forward voltage for aluminium on p-type AIGaAs of
ments and (for x < 0.3) with photoluminescence. various compositions.
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Table I that in terms of the variation of barrier height
Experimental values for the Schottky barrier heights, and ideal- with aluminium content an excellent quantitative
ity factors for the epitaxial Al on p-AlGaAs diodes fit can be obtained to both the anion vacancy

X 0, n 0bmodel [8] and the anti-site model [7]. There is also
(/V) (C/V) a close quantitative fit to the absolute values pre-

0 0.6o 1.03 0.64 dicted by the anion vacancy model, but owing to
0.21 0.77 1.04 0.74 the uncertainties in the theory, this result should
0.32 0.82 1.06 0.83 be treated with caution. This conclusion was ob-0.45 0.88 1.03 0.89

0.58 0.93 1.03 0.93 tained by calculating the barrier height to p-type
0.92 1.10 1.03 1.12 material of a given composition by subtracting the

measured barrier height from the band gap; an
approach which relies on the pinning level re-
sponsible for the barrier formation being the same

nation current present. The Schottky barriers ex- in both n- and p-type material, and also on a
hibited very low values for the ideality factor precise knowledge of the variation of Es with x.
(< 1.04, apart from the devices made on the x = This work extends these measurements to bar-
0.32 material). A correction was made to the bar- riers formed on p-type material. The data are
rier for the effect of image force lowering, which summarised in table 1. Taken with our earlier data
for our samples amounted to a value of 0.025 to on n-type material [9] it is possible to compare the
0.035 eV depending on the doping of the layers. sum of the barrier heights to n- and p-type material
The C- 2  versus V plots of the AI/AlGaAs with the known bandgap variation of AIGaAs. In
Schottky diodes were almost ideal as indicated by the direct gap region a linear fit of the barrier
the linearity of the plots. From the slopes of the height to x yields the derivatives given in table 2.
lines the free hole concentrations were de- Langer et al. [5] have recently reviewed the
termined, and the barrier heights computed from AIGaAs bandgap data in the light of revised de-
the extrapolated intercepts of the lines with the terminations of the precise aluminium content.
voltage axis. All the data on the p-type diodes are The earlier accepted values of 12.5 meV/% now
summarized in table 1. appears too low and more recent measurements

give values in the range of 13.4 to 14.6 meV/%.
The variation in the sum of the barrier heights

4. Discussion measured in this work is thus in close agreement
with all the other measurements.

The GaAs/AlAs ternary system provides an Fig. 2 plots the C-V measured barrier heights
excellent series of materials for testing the validity to both p-type AlGaAs (this work) and our earlier
of various theories of Schottky barrier formation. results on n-type [9] as a function of x. The barrier
These models predict a barrier height on the as- heights are plotted relative to a common reference
sumption of a particular model of Fermi level level shown by the horizontal line. All energies are
pinning at the interface. The more prominent referenced to the barrier height to p-type GaAs.
amongst the theories are the anti-site model of The solid lines are the best fits to the overall data
Allen and Down [7] in which pinning is assumed
at interface states due to cations on arsenic
vacancies, the anion vacancy defect model of Daw Table 2

Derivatives of linear fit of barrier height to x in direct gap
and Smith [81, and the modified metal-induced region
gap states (MIGS) model due to Tersoff [10]. It is
usual to couch the predictions of these models in Data dn/dx drMp/dx d( n + %)
term s of the variation with composition of the fro 8.2±0.3 (meV/ ) 13.0±0.
barrier height to p-type material. We have recently I-V 8.2±0.3 4.8±0.4 13.0±0.7
shown from measurements on n-type diodes [9]
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18 responsible for band lineups and Fermi level pin-
ning in Schottky barriers. All indications are that
the concentration of defects at the GaAs/AlGaAs
heterointerface is far too small to account for the
degree of pinning. This points to the conclusion
that Tersoff's primary assertion, that for both

06 heterojunctions and Schottky barriers the mecha-
0nism for aligning the bands is due not to defects

but to electric dipoles resulting from dielectric

-02 screening at the interface, is correct.

-06

000 020 040 060 080 1.00

x, A mole fraction 5. Conclusions
Fig. 2. C-V barrier heights to p-AlGaAs (this work) and
n-AIGaAs (ref. 191) referenced to the barrier height to p-type Extremely high quality single crystal aluminium
GaAs. The solid lines are average values of AE and A E, from on p-type AIGaAs Schottky barriers have been

ref. [5]. made by MBE for the full range of alloy composi-

tion. The near-ideal characteristics of these diodes
have allowed a more precise determination of bar-

on band edge discontinuity data derived from a rier heights than has been possible with earlier
variety of measurements and reviewed in ref. [5]. experiments. Taken with similar results on n-type
For the purposes of comparison the energies are AIGaAs, the data points to a common pinning
referenced to the GaAs valence band edge. It can level being responsible for the barrier heights in
be seen that there is an excellent agreement be- materials of both types. The bandgap variation
tween the Schottky barrier data and the other with x calculated from the two sets of data is in
measurements. In the direct gap region the ratio of close agreement with other measurements. The
the conduction band to valence band offsets variation of barrier height with x agrees qualita-
(calculated by equating dE,/,dE. to d4,/dx/ tively with both the defect [7,81 and the MIGS [101
(dO 0/dx + d'Ip/dx)) is 63: 37. This figure is models. The compositional trends of the barrier
identical to that calculated by Langer et al. [5] heights were found to be practically the same as
from earlier offset data in the light of more accu- that of the GaAs/AIGaAs conduction band off-
rate values of x. Note, however, that the present sets thus pointing to a strong correlation between
results do not rely on any measured variation of Schottky barriers and heterojunction band offsets
AIGaAs band gap; if the Tersoff assertion is cor- as proposed by Tersoff [10].
rect, the offsets are measured to each band inde-
pendently.
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- - of indium gallium arsenide phosphide 495 360, 475, 550, 564. 599. 609. 623. 633, 643. 1011
- - of indium gallium phosphide 525 Tin 882, 943
- - of indium manganese arsenide 1011 Twinning 698, 715, 736
- - of indium nitride 1024 Two-six (II-VI) compounds 550. 711, 725. 736. 807. 811. 816
- - of indium phosphide 495, 502, 1076. 1080
- - of iron aluminum silicide 984 Uniformity of growth 70. 269, 599
- - of manganese aluminum 978
- - of manganese telluride 767 Van der Waals crystals 1029. 1033
- - of mercury cadmium telluride 698, 711. 715. 720
- - of mercury telluride 720 Yttrium
- - of metals 1003 - barium cuprate 965
- - of molybdenum diselenide 1033
- - of silicon 833, 838. 843, 856. 870. 882 Zinc
- - of silicon germanium 889. 897, 902, 907, 912, 916, 920, - cadmium selenide 816

925, 931. 936. 961 - manganese selenide 816
- - of Ill-V compounds 1, 125. 141, 151. 173. 194, 313. 360, - selenide 741. 747. 752. 757, 772. 776, 787. 792. 797, 802. 807.

475. 550. 564. 609. 623. 633. 643 811. 823. 829

- - of tin 882, 943 - selenide telluride 741, 762. 829
- - of II-VI compounds 811. 816 - sulphide 807. 811. 823
- - of Van der Waals crystals 1029, 1033 - telluride 736, 782, 802, 807, 811
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